Amphiphilic branched block copolymers as responsive materials by Peleshanko, Sergiy
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
2006
Amphiphilic branched block copolymers as
responsive materials
Sergiy Peleshanko
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Materials Science and Engineering Commons, and the Polymer Chemistry Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Peleshanko, Sergiy, "Amphiphilic branched block copolymers as responsive materials " (2006). Retrospective Theses and Dissertations.
3074.
https://lib.dr.iastate.edu/rtd/3074
Amphiphilic branched block copolymers as responsive materials 
 
by 
 
Sergiy Peleshanko 
 
 
A dissertation submitted to the graduate faculty 
 
in partial fulfillment of the requirements for the degree of 
 
DOCTOR OF PHILOSOPHY 
 
 
 
Major:  Materials Science and Engineering 
 
Program of Study Committee: 
Vladimir V. Tsukruk, Major Professor 
Surya K. Mallapragada 
Zhiqun Lin 
Andrew C. Hillier 
David Vaknin 
 
 
Iowa State University 
 
Ames, Iowa 
 
2006 
 
UMI Number: 3243556
3243556
2007
UMI Microform
Copyright
All rights reserved. This microform edition is protected against 
    unauthorized copying under Title 17, United States Code.
ProQuest Information and Learning Company 
300 North Zeeb Road
P.O. Box 1346
     Ann Arbor, MI 48106-1346 
 by ProQuest Information and Learning Company. 
ii 
TABLE OF CONTENTS 
 
ACKNOWLEDGEMENTS..................................................................................................... iii 
ABSTRACT............................................................................................................................. iv 
CHAPTER 1.  Architecture and Nature of Branched Copolymers ...........................................1 
CHAPTER 2.  Design and Aim of the Amphiphilic Branched Copolymers...........................17 
CHAPTER 3.  Synthesis and Properties of Asymmetric Heteroarm PEOn-b-PSm Star 
                        Polymers with End Functionalities ..................................................................62 
CHAPTER 4.  Surface Behavior of Amphiphilic Heteroarm Star-block Copolymers with 
                        Asymmetric Architecture.................................................................................92 
CHAPTER 5.  Amphiphilic Heteroarm PEO-b-PSm Star Polymers at the air-water Interface: 
                        Aggregation and Surface Morphology...........................................................104 
CHAPTER 6.  Functionalized (X-PEO)2-(PS-Y)2 Star Block Copolymers at the Interfaces: 
                        Role of Terminal Groups in Surface Behavior and Morphology ..................138 
CHAPTER 7.  Thermoresponsive Surface Behavior of Multistimuli Pluronic-based 
                         Pentablock Copolymer..................................................................................163 
CHAPTER 8.  Surface Morphologies of Langmuir-Blodgett Monolayers of PEOnPSn  
                          Multiarm Star Copolymers .........................................................................180 
CHAPTER 9.  Synthesis and Interfacial Behavior of Amphiphilic Hyperbranched  
                          Polymers: Polyethylene oxide-Polystyrene Hyperbranches ........................208 
CHAPTER 10.  General Conclusions....................................................................................236 
BIOGRAPHY ........................................................................................................................242 
iii 
ACKNOWLEDGEMENTS 
 
I would like to thank my POS Committee for making time for me.  This includes 
Prof. Surya K. Mallapragada , Prof. Zhiqun Lin, Prof. Andrew C. Hiller, and Prof. David 
Vaknin.   
 
Obviously, I owe my greatest thanks to Prof. Vladimir Tsukruk for giving me an 
excellent opportunity making this work possible.  By setting an outstanding example of hard 
work with astonishing motivation he inspired his students to reach their highest potentials 
and accomplish results they never anticipated.  Therefore, Professor, I owe you my success. 
 
I would also like to thank members of our lab for their help in conducting 
experiments and discussion of results.  In particular thanks go to the people who helped me a 
lot during my PhD study: Ray Gunawidjaja, Kirsten Larson-Genson, Melburne C. LeMieux, 
Maryna Ornatska, Kyle D. Anderson and Matthew Goodman.  
 
This work would not be complete without the fruitful collaborations with other labs, 
therefore I thank the following people for their contributions: Prof. Constantinos Tsitsilianis, 
(University of Patras, Greece) for the supplying multiarm PEO-PS star polymers, Prof. Surya 
K. Mallapragada (Ames Lab) and Dr. Michael D. Determan (GE Global Research) for the 
ABCBA pentablock copolymer, Prof. David Vaknin (Ames Lab) for the help with XRD and 
X-ray reflectivity measurements, Dr. Stanislaw Petrash (National Starch and Chemical 
Company) for the help with DSC experiments,  and Prof. Valeriy V. Shevchenko (Institute of 
Macromolecular Chemistry, Ukraine) for the help in synthesis of hyperbranched polymers.  
 
This research was supported by Imperial Chemical Industries, SRF 2112 Contract, the 
National Science Foundation, DMR-0074241 and DMR-00308982 grants, NSF Special 
Creativity Award and the U.S Department of Energy under contract number W-7405-ENG-
81.   
 
Finally, I would like to thank my family-my parents and sister, for their inspiration, 
sole support, endless patience and love.  Thank you for making this possible in my life. 
iv 
ABSTRACT 
 
The ultimate goal of this project is to understand the fundamental relationships 
between the architecture and chemical design of highly branched multifunctional block 
copolymers and their supramolecular organization, physical behavior, and microscopic 
properties at surfaces and interfaces.  The present work is focused on synthesis of linear and 
branched macromolecules with specific topology, using different types of polymerization 
methods, such as anionic, atom transfer radical polymerization (ATRP), nitroxide mediated 
polymerization (NMP) and reversible addition-fragmentation chain transfer polymerization 
(RAFT).  The chemical composition of the macromolecules is confirmed by nuclear 
magnetic resonance (NMR), Fourier transform infra-red (FTIR) spectroscopy, and gel 
permeation chromatography (GPC).  The physical properties of the polymers are analyzed 
with differential scanning calorimetry (DSC) and X-ray diffraction techniques.  The behavior 
of the amphiphilic macromolecules at the air-water interface and on a solid surface is 
characterized by X-ray reflectivity and atomic force microscopy (AFM).  As concluded in 
this research for star block copolymers with low number of arms, increasing the number of 
PS arms stabilized the circular morphology of the Langmuir monolayer.  Introducing of ionic 
amino or carboxyl terminal groups of arms is found to be effective in creating stable and very 
fine circular domain morphology.  Furthermore, adding ionic blocks containing tertiary 
amino groups allowed tuning their surface properties by changes in both pH and temperature.  
On the other hand, different surface morphologies ranging from peculiar stripes and net-like 
patterns to a highly ordered 2D assembly of fine circular domains and peculiar dendritic 
superstructures were observed for the multiarm star polymers with high number of arms (16-
38).  Finally, for the hyperbranched block copolymers, AFM revealed morphology transition 
from very smooth monolayer to formation of nonuniform bilayer structure followed by 
second collapse and creation of uniform polymeric multilayers.  As an outcome of research, 
fundamental relationships between architecture/chemical composition and resulting 
structures are suggested.  This research expands a range of potential technologies to improve 
the control over interfacial behavior of the nanoscale polymeric films.   
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Chapter 1 
 
Architecture and Nature of Branched Copolymers 
 
1.1 Introduction 
 
This chapter is devoted to the discussion of recent developments in the field of 
highly branched molecules and more specifically, their behavior, structure and properties on 
various surface and interfaces.  There has been steady and growing interest in research 
directed toward low-molar weight polymers and macromolecular chains with highly 
branched structures primarily because of presence of multiple branches leads to significant 
changes in the chemical and physical properties.1,2  For example, highly branched polymers 
generally exhibit lower solution and melt viscosities compared to linear polymers of the 
same molar mass, a characteristic that may help facilitate coating, extrusion, or other 
manufacturing processes.  To date, dendrimers have been the most popular class of highly 
branched molecules and have been intensively studied for more than a decade.  Dendrimers, 
were introduced and expanded in the very beginning of 90s by Tomalia, Frechet, Hawker, 
Percec, and other researchers.  However, several important factors limit the prospective use 
of conventional dendrimers for commercial applications such as, e. g, drug delivery, 
nanocomposite materials, and catalytic systems.  Most importantly, these factors include the 
enormous cost in synthesis and purification and overall material unavailability in significant 
quantities. 3   Indeed, each generation of branching increases the time of reaction and 
decreases the product yield, thus increasing the overall cost of synthesis in a progressive 
manner. 
 
This chapter I focused on novel highly branched molecules introduced in the past 
decade, staying away from conventional dendrimers well explored and being the recent 
subject of excellent reviews4,5,6,7,8 and books.3,9  Moreover, we mainly excluded extensive 
discussion of synthetic efforts in this field that numerous recent reviews cover as well (see 
references below).  In the end, we selected several novel and most popular types of highly 
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branched molecules such as star molecules with multiple arms, brush molecules of different 
kinds, and hyperbranched molecules; all of them placed onto different surfaces as isolated 
molecules in the form of monomolecular layers, as ultrathin surface films, as coating on 
nanoparticle surfaces, and as grafted coatings.  The understanding of these molecules’ 
surface and interfacial behavior is critical for their prospective utilization in life science, 
engineering, nanotechnological, sensing, and catalytic applications suggested for this class 
of materials.  These prospective applications, although suggested for highly branched 
materials upon the birth of the field, have been implemented only in several very special 
cases.  This underutilized potential is due not only to the extremely high cost of complex 
materials, but also due to scarce understanding of their actual (not “cartoonish”) behavior 
while interacting with a complex environment.  
 
The level of research activities in this field is still modest if compared to the burst of 
research in the field of conventional dendrimers at surfaces in recent years (Figure 1.1).  
Indeed, the number of publications with a predominantly dendrimers/surface focus rapidly 
increased after 1990, reaching a steady level of 300+ publications annually.  This is mostly 
due to the initial excitement, great promises, and simply the beauty of these fascinating 
molecules.   
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Figure 1.1.  Annual number of publications in the general field of dendritic molecules and 
surfaces (A) vs. highly branched molecules (excluding dendrimers) and surfaces (B).  Data 
compiled with SciFinder with full data projected for 2006 based on 8 months results. 
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On the other hand, the number of papers focused on highly branched molecules at 
surfaces excluding dendrimers constituted only a small fraction of publications with 
virtually non-existent publication records (few papers annually) in this field before 1995 
(Figure 1.1).  However, the overall upward trend is also a recent characteristic of this field 
with a rapid, four-fold increase of publications since 2000 with an annual number of 
publications getting closer to 50 (Figure 1.1).  The rapid increase in publication numbers 
reflect the research material community focus gradually shifting focus to materials that are 
more “practical,” exploring not just chemical composition, architecture, and solution 
properties but also the properties of highly branched molecules in bulk state, ultrathin films, 
coatings, at surfaces and interfaces relevant to their prospective applications. 
 
1.2 Structure of Highly Branched Polymers 
 
1.2.1 Architecture 
 
Five of the most common chain architectures of highly branched molecules 
specifically grafted, arborescent, dendrimers, hyperbranched and star types, are presented in 
Figure 1.2.  A common theme for all these branched architectures is a presence of a central 
segment, (e.g., backbone, core, or nanoparticle) which serves for the attachment of different 
types of branches (e.g., radial, side, or tree-like) with a high density of terminal groups, 
which in many cases.  This constitutes a loosely defined “shell” (Figure 1.2).  The 
introduction of a wide variety of hybrid structures combining several major designs will be 
discussed later. 
 4 
 
a b c 
d e 
 
 
Figure 1.2.  The common types of architecture for highly branched molecules: a) grafted, b) 
dendrimer, c) hyperbranched, d) arborescent, and e) star polymers. 
 
These molecules adopt different shapes depending upon geometrical characteristics 
of the central segments (e.g., backbone of “point-like” core), the density and the nature of 
the branches (e.g., linear vs. tree-like) as well as overall flexibility of different segments and 
bulkiness/interactions of the terminal groups.  They also possess variable mobility for a 
specific case of their interactions with solid surfaces, as will be discussed below.  Each of 
these types of branched polymers include a wide variety of possible chain configurations 
and shapes, which depend upon the synthetic path exploited and chemical composition of 
backbones, cores, branches, and terminal groups.   
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1.2.1.1 Comb-Like Brushes 
 
One of the simpler highly branched architectures introduced and studied long ago is 
graft polymers, also called molecular brushes or comb-like polymers (especially in the case 
of short side chains 10) (Figure 1.2a).  These types of macromolecules, sometimes also 
termed cylindrical brushes, consist of a flexible polymeric backbone and grafted side chains 
with different grafting densities.  Depending upon the types of side chains attached, 
cylindrical brushes are also called comb-like (identical type of side chains),11 centipede (two 
types of side chains attached)12 or barbwire (multiple types of side chains).12,13  One of the 
most interesting type of the comb-like brushes consists of macromolecules with 
polymeric/oligomeric side chains.  In most cases, the backbone and side chains differ in 
chemical composition.  Within this class of molecules, some molecular architectures are 
called tadpole14, tablet-like15 or bottle-shaped16 brushes, which corresponds to the particular 
shape (expected or observed) of  the collapsed macromolecules.  Depending upon the 
distribution of the side chains along the backbone, different types of cylindrical brushes such 
as regular17, random18 or gradient19 are recognized as well.  Also recently, a new type of 
comb-like polymer with asymmetric statistically distributed polymeric side chains has been 
synthesized by radical polymerization.20   
 
1.2.1.2 Dendrimers 
 
Usually the name dendrimer is reserved for highly uniform, tree-like architectures, 
regularly divergent from a single, point-like core with very regular branches radially 
extending from a single center (Figure 1.2b).  Dendrimers can be considered as an extreme 
case of comb brushes with tree-like branch structures grafted to a single core instead of a 
linear polymer backbone.  Varieties of dendrimers with different architectures and chemical 
compositions are known and have been reported to date but those will not be  considered in 
this review because several recent books3,9 and reviews5,8 are readily available.  
 
 
 
 6 
1.2.1.3 Hyperbranched polymers 
 
The term “dendritic polymer” is frequently used as a more general term and refers 
not only to regular dendrimers also to hyperbranched molecules; because hyperbranched 
polymers are very similar to conventional dendrimers, but show a lower degree of branching 
and a less regular architecture (Figure 1.2c).  Hyperbranched molecules, with their fractal 
structure and multitude of branches, have attracted the most attention in this field in recent 
years especially when prospective applications were the focus of research.21,22,23  Often, 
these molecules are created in one-pot synthesis without the lengthy stages of stepwise 
reaction and purification, which necessary with traditional dendrimers.  A new type of 
hyperbranched polymers was recently developed consisting of a polymeric chain as a 
repeating unit and will be discussed further in this chapter.24,25,26  Branched polymers with a 
small but controllable number of branches are also of interest because such materials may 
offer a practical compromise between superior physical properties and processing 
difficulties.  
 
1.2.1.4 Arborescent polymers 
 
One particular class of highly branched polymers is arborescent polymers, which are 
composed of randomly grafted polymeric chains with different levels of grafting (Figure 
1.2d).27,28  Some authors have called them “graft-on-graft-on-graft” or simply dendri-graft 
polymers.  This new architecture provided a higher level of macromonomeric grafting along 
with the capability to build a densely grafted layered structure using different monomers at 
each step.   
 
1.2.1.5 Star polymers 
 
Star polymers containing several chains radiating from a relatively compact core 
represent a special case of branched polymers.  They are usually composed from a few well-
defined numbers of polymeric arms and well-defined nature of polymeric arms and core 
(Figure 1.2e).  Like dendrimers, they can possess a globular structure (at least for molecules 
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containing a large number of relatively short arms) and have defined inner and peripheral 
segments.  Star block-copolymers are star polymers that contain lengthy chains (blocks) as 
arms.  Star polymers with compact, low-generation dendrimers as a core are called dendritic 
stars.29 ,30 ,31   Hyperbranched star polymers or simply hyperstars are those consisting of 
hyperbranched molecules as a core.32,33,34  Some types of star polymers are also named after 
an expected or confirmed structural shape of macromolecules.  Thus, H-type, 35 , π-
shaped,36,37 Y-shaped,38 palm-tree and other types of star polymers can be found in the 
literature.39 
 
Asymmetric star polymers are star macromolecules having arms with different 
molecular weight and chemical nature.  Until recently, very little was known about their 
properties due to difficulties in the preparation of these products with high structural 
uniformity.  Lately, many researchers have reported the synthesis of the star-shaped 
polymers with chemical asymmetry (also called hetero- or miktoarm star) by using different 
types of polymerizations.40,41  Similar to branched molecules described above, dendrimer-
like star molecules containing an additional macromolecular fragment between branching 
points have been developed.42,43,44  
 
1.2.1.6 Hybrid branched polymers 
 
A number of hybrid types of highly branched polymers are reported which are 
composed of one or several highly branched fragments connected to one or both ends of 
linear or rod-like polymers.  In the case of one end substitution, these dendron-linear diblock 
copolymers are sometimes called fan-shaped polymers (Figure 1.3a).45  Similar polymers 
with two dendritic ends are named barbell-like polymers (Figure 1.3b).46   
 
On the other hand, tree-like rod structures are formed by attaching several branched 
oligomeric units to several individual branching points at the same end (Figure 1.3c).47  
Several linear polymer chains attached to one side of the dendritic macromolecules form 
polymer with “bow-tie” hybrid architecture (Figure 1.3d). 48   Polymers with dendritic 
branches connected to the backbone are called dendronized49,50 or jacked polymers (Figure 
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1.3e). 51   Several polymeric arms connected to both ends of the linear backbone form 
dumbbell macromolecular structures 52 (sometimes called pom-pom53,54) (Figure 1.3f).   
 
 
a b c 
d e f 
 
Figure 1.3.  The selected hybrid architectures of highly branched molecules: a) dendron-
linear, b) barbell-like, c) tree-like, d) “bow-tie”, e) dendronized, and f) dumbbell types. 
 
1.2.2 Chemical Structures 
 
Three synthetic routes have been successfully applied for the synthesis of grafted 
macromolecules: ‘‘grafting from’’ a linear macroinitiator, ‘‘grafting onto’’ multifunctional 
linear chains, and ‘‘grafting through’’ of macromonomers.55  The ‘‘grafting to’’ approach 
exploits preformed, terminally functionalized polymer chains reacting with a multifunctional 
quencher molecule that forms the core of the macromolecules.56  However, the reaction of 
several polymer chains with a single core molecule is often difficult because of steric 
hindrance, which leads to defective stars with missing arms.   
 
The alternative ‘‘grafting from’’ approach involves growing polymer chains from a 
multifunctional initiator or precursor polymer.57  Here, the core reacts only with monomers, 
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which is a less sterically demanding process.  However, for some type of polymerizations, 
such as ionic polymerization, the application of the ‘‘grafting from’’ approach requires the 
use of multiply charged initiators, which usually results in a poor solubility and causes wide 
molecular weight distribution.  The third method is a slight variation of the macromonomer 
technique discussed in detail elsewhere.58  
 
There is a wide selection of synthetic preparation methods, which can be employed 
for the synthesis of highly branched polymers with diverse chemical composition.  In fact, 
synthesis of hyperbranched,59,60 dendronized,61 dendrigraft,28 and star polymers6 have been 
discussed extensively in recent reviews.  These specialty polymers are synthesized by living 
anionic,40, 62  cationic, 63  living radical polymerizations such as nitroxide mediated living 
radical (NMP), 64  atom transfer radical polymerization (ATRP), 65  reversible addition–
fragmentation chain transfer (RAFT) polymerization, 66  living radical photo 
polymerization,67 and their combinations.68,69   
 
1.3 Surface Grafting 
 
The surface modification with highly branched polymers and the building of surface 
layers, surface structures, ultrathin films, shells and coatings can be done either by “grafting 
from” or “grafting to” approaches which are different from those discussed above.70,71  Both 
grafting approaches may involve either covalent or non-covalent tethering of the branched 
macromolecules onto the surface via appropriate functionalized linkages, which promote 
selective adsorption, binding, growth, or spreading of branched molecules.  Here we discuss 
a variety of possible specific approaches designed for different surfaces and substrates, 
which can be applicable for different surface chemistries. 
 
Generally speaking, all known grafting routes start by introducing or using proper 
functional groups (X) onto the surface by using a variety of chemical reactions, the most 
popular being oxidation or surface modification with functionalized self-assembled 
monolayers (SAMs) (Figure 1.4).72  The grafted branched polymers are typically anchored 
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to a surface by a single branch or by the core, such that the whole molecule or some 
branches extend away from the surface (Figure1. 4).  
 
Solid substrate
Surface 
modification
Route 1 Route 2
ABn X X X X
 
Figure 1.4.  General grafting routes for tethering highly branched polymers onto a proper 
functionalized substrate. 
 
The “grafting from” approach, presented as Route 1, involves the surface initiating 
polymerization by using surface functionalized groups (e.g., functionalized SAMs) and a 
solution of a proper monomer (Figure 1.4).  Depending upon the nature of the surface 
functionalized groups, several different polymerization routines can be exploited.  The most 
popular polymerization techniques include a step-by-step method, radical polymerization, 
ring-opening polymerization, and polycondensation.   
 
Route 2, which represents the “grafting to” approach is used for covalent or non-
covalent bonding of the pre-formed highly branched polymers with appropriate chemical 
functionality to a proper functionalized surface (Figure 1.4).  Usually grafting involves the 
reaction of the hydroxyl or amino-terminated groups of terminal branches or cores with 
surface carboxyl or epoxy groups with the formation of covalent bonding.  On the other 
hand, specific and non-specific non-covalent interactions such as Van der Waals forces, 
hydrogen bonding, or Columbic interactions can be used for relatively weak physical 
grafting of highly branched molecules to the surface.   
 
Due to the difficulties of characterizing the chemical composition, molecular weight 
and architectures of macromolecules grafted by Route 1, “grafting to” approach was used in 
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this study as a primary model approach.  Therefore, synthesis of branched block copolymers 
with defined architecture and chemical composition is going to be crucial step on the way of 
understanding of their interfacial properties at various environmental conditions. 
 
1.4 Interfacial Properties 
 
The surface behavior of highly branched molecules is important from the viewpoint 
of prospective applications, which involves close interactions of organic materials with solid 
surfaces and the close proximity of various surfaces.  Complex architecture of highly 
branched molecules, which usually includes different chemical composition of the core, 
shells, arms, and terminal groups combined with different ways of their tethering, is 
responsible for their peculiar and non-traditional surface and interfacial behavior as will be 
discussed further. 
 
As we have already discussed above, highly branched molecules can be either 
physically or chemically grafted to various surfaces by using a wide range of synthetic and 
grafting approaches well-developed for linear and traditional block-copolymers.  Among the 
most popular approaches for the placing/growth of branched molecules onto solid substrates 
are traditional solution adsorption, drop casting, spin-casting, grafting from solution, and 
grafting from melt.  These approaches are widely exploited to deposit individual molecules 
in collapsed and extended states, to form uniform monomolecular and ultrathin surface films, 
and to design surfaces with stimuli responsive properties.  Thus, the six-armed molecules 
with PS and PMMA arms and a triphenylene core showed interesting self-assembling 
behavior on a solid surface.73  For these molecules, isolated PS cylinders on mica have been 
observed (Figure 1.5).  In contrast, highly ordered cylindrical pores appeared on a silicon 
oxide surface after an ultrathin cast film of a PMMA was dried at an ambient temperature 
(Figure 1.5).  The size and height of PS cylinders were reduced with the decrease in polymer 
concentration in THF.  However, the dimensions of PMMA cylindrical pores increased.  
Finally, slow evaporation of the solvent and the lower molecular weight of arms favored the 
formation of regular surface patterns not observed in other studies. 
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Figure 1.5.  Models and AFM images of self-assembling for PMMA on silicon oxide by 
mode 1 and for PS on mica by mode 2.  Reprinted with permission from ref 73.  Copyright 
2003 John Wiley & Sons, Inc. 
 
A special case includes the use of Coulombic interactions for electrostatic LbL 
assembly of ultrathin films with inherently multilayered architecture.  In addition, alternative 
approaches were exploited such as LB deposition, which allows for gentle deposition of 
amphiphilic molecules with controlled surface area per molecule and a build-up of 
multilayered films.  Finally, some very recent reports have discussed grafting of highly 
branched polymers on extremely curved surfaces of nanoparticles and nanotubes to produce 
very anisotropic hybrid nanobjects capable of forming complex surface nanostructures.  
 
Obviously, that depending upon the initial state of the surface and the deposition 
routine employed the resulting surface structures and properties of highly branched 
molecules can vary in a wide range.  The initial molecular organization in solution 
frequently plays a critical role in the surface assembly although in many instances, this issue 
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is not addressed properly and/or very dilute solutions below ccm are used to avoid surface 
adsorption of “pre-fabricated” micellar structures.   
 
On the other hand, the substrates used for studying surface structures assembled from 
highly branched molecules are usually limited to limited model substrates or to actual 
practial surfaces.  These include relatively smooth (several nanometer surface roughness) 
hydrophilic glass and quartz surfaces, highly charged and atomically flat (surface 
microroughness of a fraction of a nanometer) mica, hydrophobic and atomically flat graphite 
(HOPG), atomically flat silicon single crystals with hydrophilic native silicon oxide or 
chemically modified surfaces, and relatively flat (surface microroughness of several 
nanometers with grainy surface morphology) gold films.  A water surface is a standing alone 
example critical for the formation of Langmuir monolayers as a first step in their transfer to 
a solid substrate. 
 
Each of these substrates is characterized by its own set of surface specific 
interactions and topologies, which affect molecular conformations and the ordering of 
highly branched molecules as, will be discussed in many instances below.  Among the most 
widely recognized surface  behaviors observed to date for these molecules are such common 
phenomena as epitaxial crystallization and lattice-controlled segmental orientation on highly 
crystalline mica and graphite surfaces, aggregation and dewetting on highly hydrophilic 
silicon oxide surfaces, phase separation of core and shell segments as mediated by various 
functionalized surfaces, collapse-spreading of molecular fragments on favorable/repealing 
modified surfaces, and chemical bonding with the formation of uniform monomolecular 
layers on appropriately functionalized solid surfaces.  Recently explored examples of non-
traditional surfaces include carbon nanotubes and gold nanoparticles.  Some of the most 
important cases of surface structures specific to highly branched macromolecules are 
discussed further.   
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Chapter 2 
 
Design and Aim of the Amphiphilic Branched Block Copolymers 
 
2.1 Goal 
 
To date major attention has been paid to branched block copolymers with 
architectures close to symmetrical, favoring the formation of the lamellar phases, with 
asymmetrical composition tested only on few occasions.  On the other hand, most of the 
star-shaped copolymers synthesized so far possess “dead” terminal groups (e.g., methyl 
groups) which are not capable of further modification and chemical reactions such as, e.g., 
involving grafting of these star polymers to solid substrates and at interfaces.  This design, 
thus, prevents any further developments by placing star block copolymers at asymmetrical 
interfaces and allowing dissimilar arms to be chemically grafted on both sides of interfaces.   
 
This kind of interfacial design is of interest for various, stress-prone applications, 
and branched polymers can be explored as potential adhesives, reinforcing additives, and 
components for multilayered protective coatings.  Considering this far-reaching target, we 
focus on synthesis and comprehensive characterization of a series of star-shaped and 
hyperbranched block copolymers with both dissimilar arms functionalized with terminal 
groups capable of further modification and reaction. 
 
The ultimate goal of this project is to understand the fundamental relationships 
between the architecture and chemical design of highly branched functional block 
copolymers, more specifically their supramolecular organization, physical behavior, and 
microscopic properties at solid surfaces and functionalized interfaces while focusing mainly 
on combination of hydrophilic-hydrophobic interactions.  The design of amphiphilic 
branched copolymers with novel molecular architectures should lead to multifunctional 
surfaces, and the aim is to understand their surface behavior upon response to different 
environmental stimuli.  To accomplish this goal, linear and branched polymers with 
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different architectures and chemical structure have been synthesized using combination of 
diverse polymerization techniques.  Their surface properties have been studied by variety of 
characterization techniques. 
 
2.2 Objectives and Approaches. 
 
Objectives 
 
• Design and synthesis of highly branched amphiphilic copolymers with different 
architecture and chemical composition (various number of arms and their length, 
volume fractions) 
• Determination of the chemical composition 
• Study of the bulk properties and structures of the branched macromolecules by DCS 
and XRD 
• The effect of the degree of branching and the length of polymer arms on the surface 
packing of the molecules. 
• Elucidation of surface properties of the block copolymers at the air-water and air-
solid interfaces  
  Analyses of the interfacial behavior of the branched macromolecules and 
understanding the influence of the chemical composition and core 
architecture. 
  Determination of the organization of the block copolymer chains at the air-
water interface. 
  Characterization of the surface behavior and molecular organization of the 
branched macromolecules at the air/solid interfaces to ascertain the packing 
structure. 
  Determination of the effect of the architecture and chemical composition on 
a molecular organization. 
  Investigation of the stimuli responding surface behavior of the block 
copolymer upon changes of the environmental conditions (pH and 
temperature). 
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To achieve these goals and apply highly branched polymers as stimuli-responsive 
polymeric coatings, several experimental designs were implemented.  First, the highly 
branched block copolymers with specific architectures were synthesized using a 
combination of the anionic and controlled radical polymerizations.  NMR, FTIR 
spectroscopy and GPC experiments confirmed the chemical composition of the polymers.  
The bulk properties of the polymers were studied using DSC and X-ray techniques.  LB 
monolayers were deposited on solid substrates to be analyzed using surface characterization 
techniques.  X-ray studies were conducted on molecules at the air/water interface, while 
AFM for the monolayers at the air-solid interface.  Molecular models of the packaging of 
the branched polymers were built in order to analyze molecular organizations of the 
molecules at the interfaces. 
 
2.3 Design of Amphiphilic block copolymers 
 
The research is focused on three major types of block copolymers with different 
architectures: linear, hyperbranched, and star-shaped block copolymers (Figure 2.1). 
 
core
Star-grafted copolymers with well-controlled architecture 
Multi-armed polymers with 
Dendrimers or hyperbranchesas a coreAsymmetric, heteroarmedpolymers
Type I -stars with well-controlled number of arms 
Type II and Type III
Assymetricand end functionalezed-
heteroarmed stars
Type V  
 
Figure 2.1. General design of block copolymers with well-controlled architecture 
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Due to their unique architecture star-shaped copolymers were further divided on 
three subgroups.   
 
The type I star polymers is used to study how a change in the number of arms 
influences the surface activity of a star-shaped block copolymers (Figure 2.2).  Therefore, 
the expected differences in the interfacial behavior among the members of the series will be 
attributed to a different number of arms.  Several representative examples of novel polymer 
synthesized and studied in the research will be presented in the further chapters.   
 
The second series (type II) was used to investigate whether the star polymers with 
heteroarm structure can have enhanced surface activity compared to type I polymers.  Both 
symmetric and asymmetric heteroarm stars are considered in this research (Figure 2.2).   
 
PEO PS
Type IIType I
 
Figure 2.2. General schematics of the initial set of amphiphilic block copolymers: Type I-
linear and star homoarm polymers; Type II- linear and star block copolymers 
 
The third series (type III) was used to investigate whether the selective chain 
terminal functionalization of the heteroarm star polymers can alter interfacial behavior of the 
star polymers.  Only symmetric heteroarm stars are considered in this group (Figure 2.3). 
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Terminal functional 
groups
 
Figure 2.3. General schematics of the end functionalized heteroarm star copolymer 
 
As an extreme case, the linear stimuli-responsive pentablock copolymers (type IV) 
responding to changes in pH ant temperature was studied here (Figure 2.4).  
 
Hydrophobic
Hydrophilic Hydrophilic
Stimuli 
responsive
Stimuli 
responsive
Type IV-ABCBA pentablock copolymer
 
Figure 2.4. General composition of stimuli responsive block copolymer 
 
The type V of multi-arm star polymers was used to test whether the properties of 
these dense, sphere-like molecules with multiple arms would resemble those of dendrimers 
with highly branched arms.  We have studied a series of star block copolymers composed of 
several chemical compounds with a systematic variation of chemical microstructure (e.g., 
MW, functionalities) (Figure 2.5).   
 
 
PEO 
Star Core Group I 
Group II 
Type V
 
Figure 2.5.  Schematics of PEOnPSn star copolymers with larger number of arms and low 
(left) and moderate PEO content (center), (group I), and high PEO content (right) (group II).   
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Last type (VI) of highly branched polymers is consisting PEO-PS block copolymers 
as macromonomers for Self-Condensing Vinyl Polymerization (SCVP) (Figure 2.6).   
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Figure 2.6. General architecture of the hyperbranched polymers. 
 
2.3 Experimental Methods 
 
Nuclear Magnetic Resonance Spectroscopy.  13C and 1H NMR spectra are 
recorded at Varian VXR-300 MHz using chloroform CDCl3 and dimethyl sulfoxide DMSO-
d6 as solvent.  25-50 mg of polymer is dissolved in solvent and than filtrated in to NMR tube 
(diameter 5mm, lenght 9 inches).  Tetramethylsilane (TMS) is used as an internal standard. 
 
Fourier Transform Infra-Red spectroscopy.  FTIR measurements are obtained 
with a Shimadzu 8300 spectrometer in full ATR mode.  Polymer sample is placed directly 
on the crystal and pressed using micropress to remove air.  Spectra averaged of hundred runs 
are collected and reported here. 
 
Gel Permeation Chromatography.  GPC analysis is performed in THF at a flow 
rate of 1 ml/min using a Water Breeze GPC system equipped with Waters 1515 pump, 
Waters 717/plus autosampler, Waters 2414 RI-detector and Wyatt Technologies 
MiniDAWN light-scattering detector.  A column set of two columns (PL-Gel mixed C 5µm) 
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is used. A polymer sample is dissolved in THF in order to have concentration around 0.5-1.5 
mg/ml and than filtrated through Teflon 0.2nm filter into GPC sample vial. 
 
Differential Scanning Calorimeter.  DSC analyses are performed on a an MDSC 
Q100 instrument and PerkinElmer 7 series thermal analysis systems with rate of 20oC/min.  
Approximately 4-5 mg of a polymer is used for these measurements. 
 
Surface Layers Formation.  Langmuir-Blodgett (LB) monolayers are prepared 
from polymer solutions by the Langmuir technique on an R&K-1 trough (Riegel & Kirstein, 
GmbH) and KSV Minitrough (KSV).  Dilute solutions of the molecules are prepared in 
chloroform and deposited on the water subphase (NanoPure, Barnstead Int., σ >18MΩ cm) 
dropwise and permitted to dry for 30 minutes allowing the chloroform to completely 
evaporate.  The surface pressure versus area per molecule (π-A) isotherms are recorded as 
the monolayer is slowly compressed by two barriers at opposite ends of the Langmuir 
trough.  The monolayer is deposited at surface pressures chosen to represent the phase 
transitions seen in the π~A isotherm.  The established procedure of LB films deposition 
starts with the compression of the monolayer at a constant rate to maintain the desired 
pressure.  The surface pressure is held constant as the submerged silicon substrate is lifted 
from the trough. 
 
The substrates for the LB layers are polished silicon wafers (Semiconductor 
Processing Co.) of the {100} orientation.  The wafers are cleaned to remove any organic and 
inorganic contaminants from the surface according to the standard procedure (piranha 
solution, 1h at 100oC).  
 
X-ray Experiments.  The X-ray measurements of bulk polymers are performed on 
Scintag X-ray and Rigaku Miniflex X-ray diffractometers.  Scans are done in the 2θ range of 
50 to 35o, with a step size of 0.02o, and a count time of 1.2 seconds per step, resulting in a 
scan rate of 1 deg per minute.  The voltage of the system is set at 45.0 kV, while the current 
is 40.0 mA.  The incident radiation recorded is monochromatic Copper Kα, with wavelength 
of 1.54 Å. 
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X-ray reflectivity and a combination of X-ray grazing incident diffraction 
measurements are preformed on Langmuir layers using the Ames Laboratory liquid-surface 
diffractometer at the 6ID beamline at the Advanced Photon Source synchrotron at Argonne 
National Laboratory.  A combination of X-ray grazing incident diffraction (XGID) (in-plane 
and rod-scans) and X-ray reflectivity measurements was used to characterize the monolayer 
structure according to the known approach.1 ,2   Details regarding X-ray reflectivity and 
XGID and the experimental setup are described elsewhere. 3   A downstream Si double 
crystal monochromator was used to select the X-ray beam at the desired energy λ= 0.772 Å).  
After slow compression and relaxation, the monolayer was held at a constant pressure for 
the duration of the measurements. 
 
The box model is used to determine the electron densities across the interface and to 
relate them to the molecular arrangements of the molecular fragments at the interface.4  The 
box model consists of slabs of differing thickness and electronic density stacked above the 
water subphase with known electron density (330 e/nm3).  The interfaces are smeared to 
account for the surface roughness and thermal vibrations.  The arrangement of the molecular 
segments can be determined from the length and electron density of the boxes via direct 
comparison with molecular models.  The reflectivity calculated for the various trial 
electronic density profiles was compared with experimental results during the fitting 
procedure.3 
 
Atomic Force Microscopy (AFM).  AFM analyses of the deposited LB layers are 
performed on both Dimension-3000 and Multimode microscopes (Digital Instruments) in 
the tapping mode.  Care is taken not to damage the films by the AFM tip by employing a 
“light” tapping technique.5  The tip radius range is 10 to 30 nm and the spring constants are 
40 to 60 N/m.  
 
Ellipsometry.  Film thickness is determined by ellipsometry (a COMPEL Automatic 
Ellipsometer from InOmTech, Inc.) with an incident angle of 70o.  After each wafer is 
cleaned with piranha solution and prior to film deposition, the silicon oxide layer is 
measured.  The average thickness of silicon dioxide is between 1-1.2 nm for different 
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wafers.  An average more than ten measurements from at least three different locations on 
the substrate are used and reported here. 
 
Contact Angle.  The surface tension of the deposited layers is measured by the 
contact angle technique.  A homebuilt apparatus composed of a high magnification video 
camera attached to a video monitor and video printer is used.  The micro syringe is filled 
with NanoPure water (Barnstead Int.) and droplets approximately three to five microliters in 
size are placed on the sample surface.  The angle between the water droplet and the surface 
is measured on the monitor using a protractor.  The values are averaged over three 
measurements taken at different locations on the surface. 
 
Molecular Modeling.  Molecular models are created using Cerius2 3.8 package on a 
SGI workstation and Materials Studio v.3.0.  Using these models geometrical parameters of 
the molecules are measured as well as models of the packing structures are developed using 
structure data. 
 
2.4 General Discussion 
 
2.4.1. Linear and Star PEO and PS Homopolymers  (Type I) 
 
In this chapter we focus on the development of the synthesis of linear and star PEO 
and PS homopolymers and the results of the characterization of their chemical composition 
and bulk properties as well as their surface behavior.   
 
Linear and star PEO polymers were synthesized by anionic polymerization of the of 
ethylene oxide.  Linear and star PS polymers were synthesized by ATRP of styrene using 
bromo-functionalized initiator.  The general synthetic routes and chemical composition of 
the star polymers are presented in Figure 2.7.  The molecular characteristics of the linear and 
homoarm PEO star polymers synthesized at this stage are presented in Table 2.1. 
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Figure 2.7. General routes of the synthesuis of PEO and PS linear and star homopolymers 
 
Table 2.1.  GPC molecular characteristics of linear and homoarm star polymers. 
Polymer structure Mn Mw PDI 
1 7 200 9 300 1.29 Liner PS  
2 8 800 10 700 1.22 
1 6 330 6 840 1.08 Linear PEO 
2 8 690 9 250 1.06 
3-arm star PEO  25 120 30 220 1.2 
4-arm star PEO  50 130 63 320 1.26 
1 17 440 19 840 1.13 
2 49 000 52 950 1.08 
3-arm star PS 
3 58 500 64 220 1.09 
1 20 310 22 050 1.08 4-arm star PS 
2 45 560 48 950 1.07 
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By using DSC we observed the suppression of the melting temperature for the PEO 
phase in the star polymers, which is attributed not only to the lower molecular weight of the 
PEO arms, but also to the presence of the core, which makes a more defective crystal 
structure where the central core is excluded from the PEO crystal lattice.  In fact, our data 
confirmed a similar trend for the heteroarm star polymers synthesized in the course of this 
work.  The peak melting temperature, Tm, of PEO chains was shifted to lower temperatures 
as compared to the Tm = 66oC observed for a linear polymer.  Overall, this shift was fairly 
similar for all star polymers studied here and varied from 3 to 6oC.  The melting peak of the 
PEO-enriched phase in the star polymer exhibited a modest broadening, which may be 
attributed to the higher polydispersity or small crystallite sizes of the star polymers.   
 
The DSC results also confirmed the glass transition temperature was slightly lower 
(10-20oC) than that seen for linear, high molecular weight PS.  The lowering of the glass 
transition temperature of the PS chains observed here is in agreement with the known trends 
for linear polymers with lower molecular weight.  This phenomenon can be enhanced by the 
presence of the branch points as was suggested for star-shaped PS polymers with different 
cores and the number of PS arms. 
 
The crystalline structure of the PEO phase in star polymers was modestly affected by 
the molecular architecture in a similar way as the thermal properties discussed above.  The 
X-ray data for the linear PEO polymers synthesized here were similar to those observed 
earlier for the high molecular weight PEO with only a slight reduction in intensity being 
observed for the major peaks (Figure 2.8).  This indicates slightly reduced crystalline order 
in the shorter PEO chains.  The homoarm star polymer with the same molecular weight of 
the individual PEO chains displayed the reduced degree of crystallinity to 55% as compared 
to the linear PEO chains synthesized here.  This effect is due to the presence of the junction 
point in the star polymers and the restricted mobility of the PEO arms as was suggested 
earlier. 
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Figure 2.8. X-ray diffraction data: top- linear PEO polymer (a), Mn=8800, (b) the four-arm 
PEO star polymer. 
 
X-ray diffraction data for the PS star polymer showed two diffuse maxima around 
10o and 20o that corresponded to the amorphous structure of linear PS materials with short-
range ordering of the backbones and side groups.  The similar d-spacing and diffuse 
character of the diffraction maxima indicated unchanged amorphous structure of the PS 
chains in star polymers (see Chapter 6 for details).  
 
2.4.2 Asymmetric Heteroarm PEOn-b-PSm Star Polymers (Type II) 
 
The goal of this particular study is the synthesis and surface characterization of a 
novel series of asymmetric, heteroarm star polymers of the PEOn-b-PSm type with 
hydrophobic and hydrophilic arms.  The both types of arms are possessing different terminal 
functionalities.  These functional terminal groups of the both different types of arms can be 
selectively transformed later (Chapter 8) in reactive groups suitable, e.g., for grafting the 
solid substrates or on an asymmetrical interface  
 
We conducted the “core-first” synthesis of asymmetric three- and four-arm 
poly(ethylene oxide) (PEO)-polystyrene (PS) star polymers with functional terminal groups 
of a general formula PEOn-b-PSm with n=0, 1, 2, 3 and n + m ≤ 4.  The asymmetric star-
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polymers were obtained in four steps according the synthesis route given in Figure 2.9 and 
their chemical composition and molecular characteristics are presented in Figure 2.9 and 
Table 2.2 respectively. 
O
O
O
O
O
O
O
n
Si
Si
Ph
Ph
Ph
Ph
n
O
Ph
Br
m
O
O
O
O
O
O
O
O
n
Si
Si
Ph
Ph
Ph
Ph
nO
Ph
Br
m
O
O
n
Si
Ph
Ph
 
(Z-PEO)n-R-(OH)m 
                          Polymer 3 
       
Y-R-(OH)n 
Initiator  
 (Z-PEO)n-R-Y 
Polymer 2 
a b 
c 
 (Z-PEO)n-R-(Br)m 
Macroinitiator 4 
d 
(Z-PEO)n-R-(PS)m 
 R   -the core;    n+ m=3 or 4  
Z, Y   -protecting group   
 
Figure 2.9.  A general routine of the synthesis (top) and chemical structure (bottom) of 
heteroarm star polymers used in this work: step a- anionic polymerization of EO; step b- 
deprotection; step c-synthesis of Br-terminated PEO precursor; step d-ATRP of styrene. 
 
Table 2.2. Chemical composition and molecular weight of heteroarm star polymers. 
GPC data NMR data 
PEO arm 
 
PS arm 
(after 
cleavage) 
Total PEO 
arm 
PS 
arm 
Total 
 
Polymer 
Mn PDI Mn PDI Mn PDI Mn dφPEO Mn Mn 
PEO-b-PS3-1 a 7 100 1.09 10 200 1.1 23 300 1.16 7 500 0.18 9 800 37 000 
PEO-b-PS3-2 b 7 100 1.09 18 300 1.13 38 200 1.19 7 500 0.10 20 000 67 000 
PEO-b-PS2-1 a 7 200 1.05 7 900 1.16 19 200 1.29 7 100 0.26 8 900 25 000 
PEO-b-PS2-2 b 7 200 1.05 26 900 1.15 47 400 1.18 7 100 0.11 23 900 54 800 
PEO2-b-PS b 5 600 1.13 9 400 1.17 20 000 1.2 6 300 0.53 9 800 22 500 
PEO2-b-PS2 c 6 300 1.1 14 300 1.23 19 200 1.16 6 300 0.31 13 900 40 900 
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We calculated the apparent overall degree of crystallinity in star polymers from the 
DSC data and obtained very low values ranging from 2.4% to 4.5%.  This is partially due to 
a low fraction of PEO blocks usually present in these materials.  However, these values still 
are well below the expected values estimated from the volume fraction of the PEO arms.  
XRD data confirmed these values.  Thus, very similar to the PS polymer diffraction data 
with two diffuse maxima were obtained for two different PEO-b-PS2 heteroarm star 
polymers.  No signs of sharp peaks indicating the presence of the PEO phase were detected 
for either polymer (we estimated the low limit of the detectable degree of crystallinity under 
our experimental conditions to be close to 5%).  Apparently, the presence of several PS arms 
attached to the same core resulted in even more pronounced suppression of the PEO 
crystallization than that observed for the homoarm star polymers.  On the other hand, the 
presence of the bulky functional groups attached to the very ends of the PEO chains could 
disturb the crystallization process and slightly lower the degree of crystallinity of the 
relatively short PEO chains. 
 
Star copolymers, PEO-b-PS2 and PEO-b-PS3, studied here possess the same length of 
the PEO arm and different lengths of the PS arms.  The surface pressure-area isotherms 
obtained for different amphiphilic heteroarm star polymers are shown in Figure 2.10.  All 
isotherms showed a steadily increasing surface pressure upon compression that is indicative 
of the formation of stable Langmuir monolayers.  The isotherms were reversible up to the 
surface pressure close to monolayer collapse, demonstrating excellent elastic properties of 
the Langmuir monolayers.   
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Figure 2.10. The pressure-area isotherms for Langmuir monolayers of amphiphilic 
heteroarm star-block copolymers.  
 
The isotherms for PEO-b-PS3-1 and PEO-b-PS2-1 showed some evidence of this 
pseudoplateau.  However, due to the extremely low surface pressures it is not easy to 
confirm its presence directly.  In contrast, for PEO-b-PS3-2 and PEO-b-PS2-2 star polymers, 
we did not observe any pseudoplateau on the isotherms due to a low PEO content.  This can 
be an indication of the corresponding intralayer transformation usually observed for 
traditional block copolymers with higher PEO content described in literature.  All pressure-
area isotherms for star-block copolymers were consistently shifted to higher surface areas 
with increasing molecular weight of the PS arms.  
 
At relatively low surface pressures, PEO-b-PS3-1 copolymer with lower molecular 
weight of the PS arms forms small circular domains with uniform dimensions.  In the same 
pressure range, PEO-b-PS3-2 star copolymer with higher molecular weight forms 
predominantly circular domains with widely variable lateral dimensions due to partial 
coalescence (Figure 2.11).  The predominant structural element at all surface pressures are 
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round, relatively uniform circular two-dimensional micelles with diameter ranging from 40 
nm to 150 nm with occasional diameters of coalesced domains reaching 500 nm.   
 
 
Figure 2.11. AFM images of the LB monolayers of amphiphilic heteroarm star PEO-b-PS3-
1 and PEO-b-PS3-2 polymers deposited at 0.7 mN/m surface pressure (topography (left) and 
phase (right)).  Scan size for: (a) and (c) 1 x 1µm2, height scale is 5 nm, and phase scale is 
10o; (b) and (d) 5 x 5µm2, height scale is 15 nm; and phase scale is 25o. 
 
The increase of the surface pressure above 10 mN/m leads to the formation of the 
condensed monolayers with the PS chains well separated and stretched out of interface.  The 
surface coverage with circular domains estimated from the AFM images with the correction 
for tip dilation (when measurements were technically possible) increased gradually to 60-
70%.  This constituted the highest possible limit of 2D packing of circular domains leaving 
very limited “free surface”.  In some surface areas for the PEO-b-PS3-1 copolymer, a partial 
coalescence of small circular domains into large dense circular areas of several hundred 
nanometers across was observed with smaller domains still preserving their identity within 
these areas (Figure 2.12 a,b).  The highest surface coverage was observed for the four-arm 
star polymer with higher molecular weight, PEO-b-PS3-2 (Figure 2.12c,d).   
 
PEO-b-PS3-1 a
b
 PEO-b-PS3-2 c) 
d) 
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Figure 2.12. Topography images of the LB monolayers of amphiphilic heteroarm star PEO-
b-PS3-1 (top) and PEO-b-PS3-2 (bottom) deposited at 20 mN/m (a, c) and 30 mN/m surface 
pressure (b, d).  Scan size is 2 x 2µm2 (a,b); 10 x 10µm2 (c,d), height scale is 10nm. 
 
The surface morphology was also studied for the three-arm star polymers with 
different molecular weights of the PS arms.  At low surface pressure barely exceeding the 
lowest limit of detection, the low molar weight three-arm polymer PEO-b-PS2-1 showed 
well-developed circular domain morphology with very uniform heights of 1-2 nm and lateral 
dimensions of 30 - 50 nm.  Lateral dimensions increased for PEO-b-PS2-2 with higher 
molecular weight reaching 40-70 nm at low surface pressure (Figures 2.13).   
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a) PEO-b-PS2-1 
 
d) PEO-b-PS2-2 
Figure 2.13. Topography images of the LB monolayers of amphiphilic heteroarm star PEO-
b-PS2-1 (a, b and c) and PEO-b-PS2-2 (d, e and f) polymers deposited at the following 
surface pressures: 5 mN/m (a and d), 10 mN/m (b and e) and 20mN/m (c and f). The scan 
size is 2 x 2µm2; the height scale is 5nm. 
 
The domains showed a large variability in lateral dimensions.  All parameters of 
surface morphology correlate well with the overall molecular weight of the PS blocks.  
However, one noticeable exception is the transformation of the surface morphology of the 
three-arm block copolymers with low molecular weight from circular to cylindrical domain 
structure at elevated surface pressure, with the onset of the formation of the condensed 
monolayer. 
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We suggested that the star-block copolymers showed the same trend predicted for 
the bulk state of asymmetrical star-block copolymers because the general conditions for 
packing of different blocks in two-dimensional states are similar to that existing in the bulk 
state.  The presence of the air-water interface and the segregation of PS chains across this 
interface complicate the situation (Figure 2.14).   
 
Segregation across the interface favors strongly curved, convex shapes of PS 
domains as illustrated in Figure 2.14.  However, in-plane segregation of PS chains and 
surface-anchored PEO chains makes two-dimensional circular shape less stable providing 
conditions for inverse circular micelle formation (Figure 2.14).  Overall balance of these 
different trends could result in a variety of interfacial scenarios different from those 
expected for di-block copolymers. 
 
 
Figure 2.14. Top: schematics of the chain behavior for linear diblock copolymer (left) and 
star block copolymer (right) at air-water interface, side-view. Bottom: corresponding top-
view of less-favorable circular domain structure (left) and more favorable inverse circular 
domain structure with PEO chains surrounded by PS phase (right). 
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2.4.3. Functionalized (X-PEO)2-(PS-Y)2 Star Copolymers (Type III) 
 
In this study we focused on the role of functional terminal group combinations for 
(X-PEO)2-(PS-Y)2 heteroarm star copolymers with respect to their interfacial behavior and 
surface morphology.  Chemical structure is represented and the detailed synthetic procedure 
for PEOn-PSm heteroarm star copolymers used here is presented in Figure 2.15.  These star-
block copolymers possess a low polydispersity, as confirmed by gel-permeation 
chromatography (GPC) and nuclear magnetic resonance (NMR) (Table 2.3). 
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 a b
(TBDPS-PEO)2-(PS-Br)2 → (OH-PEO)2 -(PS-Br)2 → (COOH-PEO)2 -(PS-Br)2
↓c 5                 ↓c 6 ↓c 7  
(TBDPS-PEO)2 -(PS-NH2)2 (OH-PEO)2 -(PS- NH2)2 (COOH-PEO)2 -(PS- NH2)2
8 9 10 
Figure 2.15.  General chemical composition of the end functionalized star polymers (top) 
and synthetic path of functionalization of the end groups of star block copolymer (bottom): 
(a) TBAF/THF; (b) succinic anhydride, DMAP/pyridine; (c) azidation by NaN3/DMF; 
P(Ph)3/THF; hydrolysis by H2O/THF.  
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Table 2.3. Properties of heteroarm star copolymers. 
NMR Data 
GPC data 
PEO arm PS arm 
No. Polymer 
Mn, 103 Mw, 103 PDI Mn, 103 N φ Mn, 103 N 
Total   
Mn, 
103 
1 (Br-PS)2-(PEO-TBDPS)2 14 18 1.31 7.5 170 0.32 14 135 43 
2 (Br-PS)
 2-(PEO-OH)2 17 20 1.20 7.5 170 0.32 14 135 43 
3 (Br-PS)
 2-(PEO-COOH) 2 17 20 1.18 7.5 170 0.32 14 135 43 
4 (NH2-PS)2-(PEO-TBDPS)2 19 23 1.22 7.5 170 0.32 14 135 43 
5 (NH2-PS)2-(PEO-OH)2 17 21 1.22 7.5 170 0.32 14 135 43 
6 (NH2-PS)2-(PEO-COOH)2 16 19 1.20 7.5 170 0.32 14 135 43 
Mn is number average molecular weight, Mw is weight average molecular weight, N is number of monomeric 
units, and φ is a volume fraction of PEO block 
 
All six block copolymers at the air-water interface demonstrated similar pressure-
area behavior, which is typical for amphiphilic compounds (Figure 2.16a and b).  Their 
isotherms showed initially an almost horizontal region followed by an abrupt pressure 
increase at a certain surface area before reaching the collapsed region at a smaller surface 
area.  Polymers 1 and 4 showed a prominent appearance of a pseudoplateau.  In general, the 
appearance of a significant pseudoplateau is associated with circular domain surface 
microstructure.  As clear from this data, star copolymers with Br-terminated PS arms 
(polymers 1-3) exhibited smaller surface area per molecule (by 25-30%) or more compact 
packing in the condensed state as compared to star copolymers with NH2-terminated PS 
arms (polymers 4-6).  This difference indicates that fully hydrophobic PS arms can be 
displaced easier from the air-water interface into hydrophobic domains by lateral 
compression while the presence of the amine terminal groups keeps hydrophobic PS arms 
more spread.   
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Figure 2.16. Langmuir isotherms of (a) (Br)2-S-(Y)2 and (b) (NH2)2-S-(Y)2.  
 
Changing the nature of the terminal groups of the hydrophilic PEO arms from 
hydrophobic (TBDPS) to hydrophilic (OH and COOH) decreased the surface area per 
molecule in the condensed state by 25% irrespectively of the terminal groups of the PS 
arms.  This is a clear sign of easier desorption of PEO arms with hydrophilic terminal groups 
from the air-water interface into the water subphase which results in more compact overall 
packing of molecules.  In all cases, star copolymers with the bulky TBDPS terminal 
hydrophobic groups occupy the largest surface areas at the interface.  
 
Surface morphology of amphiphilic star block copolymers differs for different 
combinations of the terminal groups despite that their overall chemical composition remains 
very similar: PEO chains of molecular weight of 7,500 each are combined with PS chains of 
14,000 each resulting in a volume fraction PEO of 32% which is favorable for cylindrical 
morphology (Table 2.3).  For amphiphilic copolymers of the type AnBm with a particular 
composition, the bulk morphology can be predicted using a Milner’s phase diagram, which 
takes into account an asymmetry of the molecular architecture.  This diagram predicts 
cylindrical morphology for star copolymers studied here with predominant circular 
morphology within monolayers as was discussed in detailed earlier (See Ch. 7).   
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Larger area scans (10x10 µm2 and higher) show the uniformity of all the LB 
monolayers.  As expected from the isotherm shape, 
circular domains were observed for some polymers.  
This is indicative of the hydrophilic PEO chains 
being surface-anchored; a well-understood 
phenomenon caused by the presence of bulky 
hydrophobic terminal groups (TBDPS).  A 
difference in their hydrophobic PS chain functional 
group resulted in changing surface morphology 
(Figure 2.17).  The circular domains of polymer 1 
are not as uniform as those seen for polymer 4.  
Overall, the domain morphology is much finer and 
uniform for all star copolymers with NH2-
terminated PS arms.   
 
Figure 2.17.  AFM topography of (a) (Br)2-S-(TBDPS)2, (b) (Br)2-S-(OH)2, (c) (Br)2-S-
(COOH)2, (d) (NH2)2-S-(TBDPS)2, (e) (NH2)2-S-(OH)2 and (f) (NH2)2-S-(COOH)2. 
Monolayers were deposited at surface pressure, p=5mN/m.  Scan area is 2 x 2 µm2.  Height 
is 10 nm. 
 
Mixed small-medium circular and circular-cylindrical domain morphology was 
observed for all star copolymers with Br-terminated PS arms (Figure 2.17).  Lateral domain 
sizes were widely distributed, covering a whole range from 10 nm to 100 nm.  The domain 
heights increased slightly with pressure for both star copolymers with hydrophobic terminal 
groups of PEO chains, but remained unchanged for star-copolymers with OH and COOH 
terminated PEO chains.  The surface coverage with domains was within 28 - 48% as 
estimated from the AFM images taking into account the tip convolution.   
 
The replacement of the PEO hydrophobic end-groups with hydrophilic OH groups 
resulted in decreased stability of the circular microstructure and the appearance of mixed 
 
a 
e 
b 
c d 
f 
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circular and cylindrical domains with a wide distribution of lateral sizes within 10-200 nm.  
On the other hand, the replacement of the Br terminal groups with NH2 groups shifted the 
morphological pattern to fine circular domains with an average diameter below 50 nm.  This 
indicates that the hydrophobic-hydrophilic combination enhances the phase separation 
leading to stable circular domain morphology.  Moreover, phase separation driven by the 
contrasting nature of the polymer chains and end-functional groups is more effective in 
controlling aggregation of the hydrophobic PS chains as compared to the hydrophilic PEO 
chains. 
 
Affect of subphase pH.  As described by Le Châtelier’s principle, ionizable groups 
undergo reversible protonation-deprotonation transition which can significantly affect 
interfacial behavior of the functionalized star copolymers.  The two polymer samples studied 
under varying pH are (Br)2-S-(COOH)2 and (NH2)2-S-(COOH)2.  The pKa values of 
carboxylic and amine functional groups at room temperature is estimated to be about 5.6 
(succinic acid) and between 4.6 (aniline) and 10.6 (benzyl amine), respectively.  Thus, 
Langmuir isotherms were collected in the range of pH from 3.2 to 8.8.  The shape of the 
Langmuir isotherms is consistent for all pHs with overall stability of the monolayers 
(pressure for a pre-collapsed state) decreasing significantly for higher pH.  Highest stability 
(higher collapsed pressure) for both star copolymers was observed for the lowest pH studied 
here.  The surface areas per molecule of the samples showed a slight decrease (within 10%) 
with increasing pH.   
 
The surface morphology underwent notable transformation for both kinds of star 
copolymers with changing pH level of the subphase (Figure 2.18).  The irregular mixed 
morphology at low pH was replaced with a much finer morphology having significant 
fraction of circular domains in Br-terminated star copolymer, and ideal uniform circular 
morphology for NH2-terminated star copolymer (similar changes were observed for higher 
pressures).   
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Figure 2.18.  AFM topography of (Br)2-S-(COOH)2 (a and b) and (NH2)2-S-(COOH)2 (c and 
d) at pH = 3.2 (a and c) and pH = 8.8 (b and d).  Monolayers were deposited at surface 
pressure p=5 mN/m.  Scan areas are 2 x 2 µm2.  Height is 10 nm.  
 
These results clearly demonstrate that the ionization of the terminal groups can shift 
equilibrium and change the domain morphology as follows:  first, higher ionization of the 
carboxylic groups result in higher solubility of PEO chains causing easier submergence in 
the water subphase.  Second, desorption of PEO chains from the air-water interface into the 
subphase causes the reduction of the surface area occupied by a molecule, reduces lateral 
compression resistance, and shifts a balance towards circular morphology because of the 
reduced content of the minor component (PEO) at the surface as predicted by Milner’s 
diagram.  Replacing the Br terminal groups of PS arms with amines does change the overall 
pattern because the ionization of the amine group is modest within pH range tested.  
 
Generally, amphiphilic star copolymers residing at the air-water interface adopt a 
molecular conformation with PEO chains in close contact with the water subphase and PS 
chains forming individual domains above the air-water interface.  Two possible cases are 
illustrated in Figure 2.19: case 1, in which the hydrophilic PEO chains with modest water 
 42 
solubility are spread on the water surface in randomly coiled conformation beneath PS 
domains, and case 2, where the PEO chains are submerged into the water subphase.  An 
occurrence of one of the two possible scenarios is defined by overall chemical composition, 
length of PEO chains, the presence of specific terminal groups, and the surface pressure 
applied to the monolayer.  E.g., hydrophobic terminal groups attached to hydrophilic PEO 
chains anchor themselves at the water surface preventing neighboring micelles from 
merging.  Hydrophilic end-functional groups, on the other hand, allow the hydrophilic PEO 
chains to “sink” into the water subphase, under even very low surface pressure. 
 
b c 
PEO chain 
PS domain 
a 
Barriers 
e f 
d 
PEO chain 
PS domain Barriers 
Case 1 
Case 2 
 
Figure 2.19. Amphiphilic copolymer micelles containing different terminal-functional 
groups at low (left) and high  (right) pressures; (a, d) uncompressed states.  ,  are 
hydrophobic end-groups and  marks  hydrophilic end-groups.  Case 1: end-functional 
groups at hydrophilic chains.Case 2: end-functional groups at hydrophobic chains.  
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The model presented in Figure 2.19a can be applied to star copolymers with 
hydrophobic terminal groups for both PS and PEO chains, the molecular arrangement at 
high surface pressures is presented in Figure 2.19b.  At low surface pressure, the PEO chains 
are mainly located at the water surface thus preventing the aggregation of PS domains into 
large surface areas.  Forced submergence of PEO chains at high surface pressure does not 
change the PS domain morphology but results in denser packing (Figure 2.19b).  On the 
other hand, the presence of the hydrophilic terminal groups in PEO chains causes them to 
submerge into the water subphase even at low surface pressure, followed by the aggregation 
of PS domains at higher surface pressure (Figure 2.19c).   
 
Adding amine terminal groups to the PS chains changes the aggregation behavior 
and prevents the lateral aggregation of PS domains.  This, along with the reduction of the 
PEO content at the water interface due to PEO desorption promotes the formation of fine 
circular domain morphology (Figure 2.19f).  This phenomenon is more pronounced in star 
copolymer with highly polar carboxylic terminal groups of PEO chains.  Generally, the 
alteration of the functional groups attached to the hydrophobic PS chains plays a more 
important role in the controlling lateral segregation and the formation of stable circular 
domain morphology.  In addition, ionization of the carboxylic terminal groups at higher pH 
results in a higher level of PEO chains sinking in the water subphase, which further 
promotes the formation of nanoscale circular morphology. 
 
2.4.4. Pluronic-based block copolymer with functional terminal blocks (Type IV) 
 
Characterization of pH and temperature responsive systemsand can be used in drug 
delivery systems spread at the air-water interface: this is a primary focus of the study 
reported here.  To address this task, stimuli responsive amphiphilic pentablock copolymer 
poly-((diethylaminoethyl methacrylate)-b-(ethylene oxide)-b-(propylene oxide)-b-(ethylene 
oxide)-b-(diethylaminoethyl methacrylate)) that exhibits a dual response to temperature and 
pH have been synthesized in S. Mallapragada’s group at ISU (Ames, IA).   
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A functional block, poly-((diethylaminoethyl methacrylate) (PDEAEM) PDEAEM 
which was used to construct the pentablock copolymer was attached to the Pluronic® by 
atom transfer radical polymerization (ATRP) with Br-terminated Pluronic® used as the 
macroinitiator.  The chemical structures of the pentablock copolymer (PB) discussed here is 
shown in Figure 2.20.  The molecular weight of the final copolymer was 22,000 and PDI 
value was 1.34.  
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Figure 2.20.  Chemical formula of the PDEAEM-PEO-PPO-PEO-PDEAEM pentablock 
copolymer.  
 
Pentablock copolymer studied here formed stable Langmuir monolayers at the air-
water interface indicating proper amphiphilic balance (see pi~A isotherms in Figure 2.21).  
The monolayers are stable up to 20 mN/m and the surface molecular area reaches 20 nm2 in 
the pre-collapsed state.   
 
The variation of the subphase pH resulted in some shifts of the surface isotherms for 
PB with overall preservation of their shapes (Figure 2.21).  These shifts indicate minor 
changes in the amphiphilic balance between different blocks without dramatic differences of 
the overall monolayer structure.  Decreasing pH from 10 to 1 resulted in the formation of 
slightly more dense Langmuir monolayers indicating that structure of the blocks situated at 
the air-water interface is more collapsed (Figure 2.21).  The surface molecular area A1 is the 
lowest for pH = 1 indicating that the degree of the protonation of the terminal PDEAEM 
blocks affects their state at the air-water interface and their ability to submerge into the 
water subphase.  
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Figure 2.21.  Pressure-area (π~A) isotherms of the PB copolymer at different pH (25oC). 
 
The variation of the water subphase temperature played an insignificant role in the 
surface behavior of PB copolymer at very acidic or basic conditions.  In both cases, the 
surface-pressure isotherms at 25oC and 50oC were virtually identical except some minor 
deviations at very high surface pressures preceding the monolayer collapse indicating very 
minor temperature-dependence of block-copolymer conformation under given protonation 
conditions (Figure 2.22, left).  However, at the physiological pH of 7.4, which is of interest 
in drug delivery applications, a significant shift to the higher surface pressures was observed 
at elevated temperatures (Figure 2.22, right).  The surface area per molecule at a constant 
pressure increased by 10-15% and the surface pressure at a constant molecular area 
increased by 15-40% indicating significant molecular reorganization accompanying 
temperature variation under given ionic conditions.  At a pH of 1, the PDEAEM blocks are 
fully protonated, while at a pH of 10, the PDEAM blocks are fully deprotonated.  However, 
in the pH range of 7.4, which is close to the pKa of PDEAEM, these blocks are partially 
ionized and the interplay between concurrent responses to pH and temperature is most 
evident in this regime. 
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Figure 2.22.  Pressure-area (π~A) isotherms of the PB copolymer at different pH and 
temperatures. 
 
AFM imaging of LB monolayers of PB deposited at different temperatures and 
different pH confirmed our observations.  At lower pH values, due to the increase in the 
degree of protonation, more collapsed surface structures are seen.  At high pH values of 10, 
collapsed aggregates and fibrils seen in the LB monolayers correlate well with the 
cylindrical micellar structures with similar dimensions (Rg ~4.4nm) suggested for bulk 
solutions from small angle neutron scattering.  And the sizes of the molecular aggregates 
seen at pH 7.4 are in between those seen at pH=1 and pH=10 as expected from earlier 
solution studies.  AFM showed that relatively smooth surface morphology of the monolayer 
deposited at 25oC is transformed to more heterogeneous morphology with clearly visible 
surface aggregates and very fine domains clearly visible for the monolayer deposited at 
50oC.   
 
Considering these significant and easily detectable changes in the surface properties 
we conducted additional experiments to reveal the reversible character of the temperature-
induced transformation of pentablock studied here.  For this experiment, we kept constant 
either the surface pressure or the surface area per molecule and monitored the variation of 
the surface are or the surface pressure, respectively, while gradually changing the 
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temperature of the water subphase from 27 to 50oC in a cyclic manner (Figure 2.23).  In 
these experiments, we observed reversible variation of surface pressure with former being 
much more pronounced and thus presented here.  The corresponding variation of the surface 
pressure (a value at 27oC was taken as a zero base) at constant surface molecular area 
(selected at 120 nm2 in this example) was remarkably cyclical following closely the 
temperature variation (Figure 2.23).  
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Figure 2.23.  Temperature variation of the surface pressure of the PB copolymer monolayer 
at pH=7.4 at the constant surface molecular area and temperature cycling between 27 oC and 
42-49oC. 
 
The surface pressure increased by 1.5-2.5 mN/m at the elevated temperature which 
indicates the formation of more dense monolayer due to stronger tendency to intramonolayer 
segregation induced by the collapse of the terminal PDEAEM blocks in the course of phase 
transition around LCST=35oC.  The reversibility of the polymer response over many cycles 
similar to that observed here is a key feature for use in drug delivery applications. 
 
2.4.5. Multiarm PEOm-PSn (m+n = 16-38) Star Copolymers (Type V) 
 
Here we discuss the role of chemical composition and number of arms of the PEOm-
PSn heteroarm star copolymers with respect to their interfacial behavior and surface 
morphology.  These star-block copolymers have been synthesized by sequential anionic 
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‘living’ copolymerization in C. Tsitsilianis group at University of Patras, Greece possess a 
various number of arms with different molecular weight (Figure 2.24, Table 2.4).  
Group I (PS-rich) Group II (PEO-rich)
Linear
PEO
PS
PEO
PS
PEO
PS
 
 
Figure 2.24. General architectures of the linear and multiarm PEO-PS copolymers 
 
Table 2.4.  Molecular characteristics of PEOnPSn heteroarm star polymers. 
Number 
of Arms 
PS PEO 
Group Sample Composition 
N total Mw NPS Mw NPEO
φpeo 
Mw 
total 
S16-19 PEO8-PS8 8 16 27,000 260 5,600 127 0.19 241,000
S18-23 PEO9-PS9 9 18 22,000 212 6,500 148 0.23 245,000I 
S16-39 PEO8-PS8 8 16 15,000 144 9,100 207 0.39 185,500
S38-78 PEO19-PS19 19 38 3,000 29 14,200 323 0.78 339,000
S30-86 PEO15-PS15 15 30 3,000 29 22,500 511 0.86 393,000II 
S20-88 PEO10-PS10 10 20 3,100 30 25,000 568 0.88 284,000
 L-86 PEO-PS 1 2 3,200 31 20,400 464 0.86 23,600 
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In order to understand the role of the architecture and composition on the surface 
behavior all star block copolymers were deposited at the air-water interface and exhibited 
amphiphilic behavior (Figure 2.25). 
 
Figure 2.25.  Langmuir isotherms of PEOnPSn star polymers with low PEO content: S16-19, 
S18-23, and S16-39 (top) and high PEO content: S38-78, S30-86, and S20-88 (bottom). 
 
As shown in Figure 2.26 PEO-PS star polymers with low (<50%) contents of PEO 
have exhibited cylindrical and spherical morphology typical for linear PEO-PS block 
copolymers with similar composition even at low surface pressure.  Increasing of surface 
pressure up to 25 mN/m leads to the formation of the condensed monolayers with the PS 
chains well separated and stretched out of interface.  Correspondingly, a minor increase of 
the domain heights accompanied with the gradual, but slow increase of the surface coverage 
was observed.  Surprisingly, coalescence of small circular or cylindrical domains into large 
dense circular areas was not observed, which could be explained by the improved surface 
stability of the monolayers due to large number of arms.   
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Figure 2.26. AFM topography images of the LB monolayers of amphiphilic heteroarm star 
S16-19 (a), S18-23 (b) and S16-39 (c) at 1 mN/m surface pressure. Scan size for: 20 x 
20µm2 (a), 10 x 10µm2 (b), 1 x 1µm2 (c), and height scale is 10nm. 
 
On the other hand, multiarm PEO-PS star polymers with high PEO content have 
been shown to have the surface morphology transitions upon compression (Figure 2.27).  
Initially formed at 1mN/m very small worm-like cylindrical micelles of the S38-78 star 
polymers undergo transition to large cylindrical morphology at 5mN/m surface pressure and 
very smooth collapsed polymer monolayer at 25 mN/m.  Increasing PEO content with 
decreasing number of arms caused decreased stability of the cylindrical morphology of the 
S30-86 star polymer (Figure 2.27).  
 
5µm 
a) 
2µm 
b) 
200nm 
c) 
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Figure 2.27. AFM topography images of the LB monolayers of amphiphilic heteroarm star 
S38-78 (top), S30-86 (middle) and S20-88 (bottom) at 1 mN/m (left), 5 mN/m (middle) and 
25 mN/m surface pressure respectively. Scan size for: 5 x 5µm2 , height scale is 10nm. 
 
Generally, the overall behavior of amphiphilic heteroarm star polymers with a large 
number of arms follows general trends observed for PEO-PS star copolymers discussed 
before except for some unexpected features as will be discussed below.  From the collected 
data, we suggest different types of molecular organization for amphiphilic heteroarm star 
polymers studied here (Figure 2.24).  Cartoons of corresponding structural organizations are 
P=1 mN/m P=5 mN/m P=25 mN/m 
S38-78 
S30-86 
S20-88 
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presented in Figure 2.28.  First, the molecular ordering of star polymers with low PEO 
content is controlled by the predominant PS arms, thus forming circular domains aggregated 
into continuous cylindrical morphology.  The shorter PEO chains limit contact between PEO 
arms of neighboring molecules thus allowing the PS chains to form continuous one-
dimensional structures via lateral aggregation (Figure 2.28a).  An interesting and unique net-
like nanostructure was observed for the first time at elevated surface pressure.  A twofold 
increase in molecular weight of the PEO arms and the decreasing length of PS arms result in 
the collapsed cylindrical structure and the formation of densely packed circular micelles.  
This type of molecular ordering is 
consistently observed for star 
polymers with moderate PEO content 
(Figure 2.28b).  The star polymer with 
the highest PEO content (88%) forms 
virtually uniform morphology with an 
underlying PEO layer covered with 
PS phase (Figure 2.28c).  Concurrent 
increase in a number of dissimilar 
arms attached to a single core (up to 
38 for S38-86) prevents microphase 
separation and the formation of 
individual circular domains expected 
for this chemical composition.  
Instead, upon compression the PEO 
chains covered segregated PS chains, 
forming a smooth hydrophilic carpet.  
 
Figure 2.28.  Schematics of molecular ordering in LB monolayers from PEOnPSn heteroarm 
star polymers with low (a), moderate (b), high (c) and the highest (d) PEO content. 
 
 
a) Low PEO 
b) Moderate PEO 
c) High PEO 
d) The highest PEO 
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However, reducing the crowding of PS and PEO chains (decreasing the number of 
arms from 38 to 20) for the S20-88 compound with the highest PEO content promotes in-
plane microphase separation with the formation of peculiar dendritic surface morphology.  
This type of surface morphology is an indication of monolayer growth via diffusion-limited 
aggregation with preferential directional addition of the components (Figure 2.28d).  This 
growth combined with lateral compression eventually leads to the directional growth of PEO 
monolayer with PS phase vertically segregated in the form of circular domains and 2D 
dendritic features.  Such a unique morphology has never been observed for heteroarm star 
polymers, but known for PEO-containing linear block copolymers.  We suggest that PEO 
crystallization upon solvent evaporation plays significant role in the formation of inter-
connected circular domains, which aggregate into larger dendritic interconnected structures. 
 
2.4.6. Amphiphilic TEG-PS hyperbranched polymers (Type VI) 
 
In this study we focus on the synthesis of the novel amphiphilic hyperbranched 
copolymers with controlled chemical composition and architecture.  We also compare the 
nature of polymerization processes on molecular characteristics of the hyperbranched 
polymers. 
 
1-(Benzyloxymethyl)tri(ethylene glycol) was chosen as a short hydrophilic fragment 
due to affordable selective substitution of primary hydroxyl group and convenient use of 
benzyl protons as a reference standard for calculating of the molecular weight of polymers.  
Using two different polymerization techniques, ATRP and NMP, first we synthesized 
macroinimers with different chemical composition (Figure 2.29).  As next step SCVP was 
used to synthesize hyperbranched block copolymers.  All macromonomers and polymers 
were characterized by NMR and GPC.  Molecular characteristics of the macroinitiators and 
corresponded hyperbranched polymers are presented in Table 2.5 and 2.6 respectively. 
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Figure 2.29.  Chemical structure of the M1 (left) and M2 (right) macroinimers  
 
Table 2.5.  Molecular characteristics of the macroinimers 
GPC NMR 
Name Sample  
Mn PDI Mn φa φtotal 
M1 TEG-PS-TEMPO 2,175 1.15 1,923 0.11 0.08 
M2 TEG-PS-RAFT 1,150 1.05 1,284 0.22 0.12 
φ
a
=Mn(TEG)/Mn(PS) and φtotal=Mn(TEG)/Mn(NMR) are volume fractions of the TEG fragments in 
macroinimers with and without alkyl tails..  Mn(TEG)=150, Mn(PS)=N(St)*104 and Mn(NMR) is total molecular 
weight from NMR data. 
 
Table 2.6.  Chemical and physical characteristics of the hyperbranched copolymers. 
Before purification After purification 
GPC GPC LS Polymer Sample 
Mn  PDI Mn  PDI Mn  PDI 
Tg, oC 
P1 TEG-PS (bulk) 6,400 11.5 7,050 4.2 N/A * N/A 45 
P2 TEG-PS (DMF) 4,160 5.2 6,040 1.9 16,880 2.02 62 
P3 TEG-PS-RAFT 6,340 4.01 12,580 2.3 15,960 1.83 55 
* The data interpretation is ambiguous due to the presence of additives. 
 
Due to the overlapping peaks in 1H NMR, it is virtually impossible to calculate the 
degree of branching (DB) of the hyperbranched polymers.  According to Müller’s theoretical 
predictions, the DB of a polymacroinimer can reach 0.465 for limiting cases, when all 
double bonds are fully converted.  Considering the uncertainty of this parameter, two 
limiting cases in the architecture of the copolymers should be considered: brush/comb-like 
structure and truly hyperbranched structure (Figure 2.30).  The molecular models visualizing 
space distribution of two different blocks in P3 copolymer presented in Figure 2.28 showed 
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that in the former case, a highly asymmetrical molecular structure is expected unlike the 
later case with a widely spread network of chemically connected fragments.   
 
Brush-like Hyperbranched
 
 
Figure 2.30.  The molecular models of two possible architectures of the polymer P3. 
 
X-ray data for the hyperbranched (PEO-PS)n copolymers clearly demonstrated 
amorphous structure of these copolymers at room temperature.  Apparently, the presence of 
short PEO blocks (only 3 EO units, Table 1) attached to the PS block in a combination with 
random branching inhibited PEO crystallization.  Accordingly, DSC curves showed only 
glass transition temperature in the low range of 45-62oC which is due to the smaller PS 
segments having a lower Tg. 
 
The reproducible and reversible π-A isotherms were obtained for all hyperbranched 
compounds and macroinimers synthesized here (Figure 2.31).  This surface behavior 
indicates the formation of a stable Langmuir monolayer with liquid and solid 2D phase 
sequences typical for amphiphilic compounds.  The isotherms for macroinimers showed 
increased surface pressure for surface areas per molecule below 0.9 nm2, which is expected 
for the given chemical composition with PS chains controlling the condensed state.  The 
surface area per molecule, Ao, was calculated by the extrapolation of the steep rise in the 
surface pressure to a zero level in accordance with usual procedure.  The hyperbranched 
copolymers P1 and P2 showed a steady increase in the surface pressure up to 40-50 mN/m 
upon compression of the monolayers below 3-4 nm2/molecules.  In sharp contrast, P3 with 
lower PS content showed an initial pressure increase for the surface areas around 11 nm2, 
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which was placed with a constant pressure of 10 mN/m for surface areas below 7 nm2 
(Figure 2.31). 
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Figure 2.31.  Pressure-area (π~A) isotherm of the TEG-PS macroinimers (left) and 
corresponded PEO-PS hyperbranched copolymers (right). 
 
AFM exposed domain microstructure of the LB monolayers of the macroinitiators 
with domain heights of several nanometers.  Uniform and continuous surface morphology 
was observed for monolayers from P1 and P2 at all surface pressures.  AFM revealed a very 
smooth surfaces with the microroughness in the range of 0.2-0.3 nm within a 1x1 µm2 area.  
The thickness of these polymer monolayers was in the range of 1.7-2.8 nm measured by 
ellipsometry.   
 
LB monolayers fabricated from P3 copolymer showed smooth morphology at very 
low pressure, which is transformed to the well-developed domain morphology above first 
transition at the Langmuir isotherm (Figure 2.32).  Further compression of the monolayer 
allowed merging of these domains and the formation of a smooth morphology again (Figure 
2.32).  However, the thickness of this layer doubled, indicating monolayer collapse and 
transition to a bilayer state at high surface pressure.  This was not observed for 
hyperbranched copolymers with larger PS content (Table 2.6).  Similar isotherms were 
obtained for the monodendrons with oligo(ethylene glycol) tails.  It was shown that the 
 57 
surface stability of dendritic monolayer mostly depends on subtle balance between the 
relative sizes of the hydrophobic and hydrophilic groups. 
 
 
1 µm 100 nm 
π=5 mN/m
 
1 µm 
 
200 nm 
π=10 mN/m
 
1 µm 
π=25 mN/m
 
Figure 2.32.  AFM topography of amphiphilic polymers P3 polymer.  Monolayers were 
deposited at different surface pressure.  Scan areas are 10 x 10 µm2 for all images on the left, 
at the right 2x2 µm2,but 1x1 µm2 for p=5 mN/m.  Height is 20 nm for all images on the left, 
3nm for all images on the right, but 20 nm for p=10 mN/m. 
 
As is known, the surface behavior of hyperbranched copolymers should depend 
strongly upon the amphiphilic balance of the hydrophobic and hydrophilic fragments and the 
freedom of their reorganizations to adapt the proper orientation at the air-water interface 
which is constrained by the chemical architecture.  Using two limiting molecular models 
described in Scheme 5, we analyzed the molecular arrangements at the air-water interface.  
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By minimizing the total energy of the macromolecules the molecular conformations of the 
polymers were optimized in order to maximize PEO fragments contact with water and 
distant positioning PS from the water (Figure 2.33). 
 
Based on LB and ellipsometry data we proposed the following models of the 
molecular organization of the hyperbranched copolymers at the interfaces.  For two 
hyperbranched copolymers with predominant PS segments (P1 and P2), the estimated 
thicknesses were close to those observed experimentally suggesting that the PS hydrophobic 
fragments are oriented outward from the water surface and are not spread flatly (Figure 
2.33).  Thus, for the hyperbranched copolymers with small content of the hydrophilic block 
and longer hydrophobic segments, PS or PEO chains are separated on different sides of the 
interface and serve as a “limiting” factor for the monolayer compression under different 
pressures similar to conventional star and linear block copolymers.   
 
Separated
state
Mixed state
Linear
TEG        PS      C12H25(CTA)
Barriers
dd
 
Figure 2.33.  Two possible scenarios of the state of the macromolecules at the air-water 
interface by comparison with linear block copolymer (center): left - separated hydrophobic 
and hydrophilic segments and right – mixed hydrophobic and hydrophilic segments confined 
to the water surface.  The terminal chains are added to reflect the presence of terminal alkyl 
ends. 
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However, the hyperbranched copolymer P3 with a comparable length of PS and PEO 
segments and considerably high degree of branching along with low PDI exhibited very 
different surface behavior at the interfaces (Figure 2.33).  Dissimilar segments are not 
clearly separated into/out of water/air but rather form a mixed uniform phase at the surface.  
This behavior is in striking contrast with conventional linear and star PEO-PS block 
copolymers (Figure 2.33, center) and indicates that a random chemical architecture of 
relatively short hydrophilic and hydrophilic fragments is responsible for a “mixed” 
interfacial structure.  Thus, the presented hyperbranched model corresponds closely to the 
behavior observed for this copolymer (Figure 2.33 (right)).  Correspondingly, the high 
compression results in the collapse of the mixed monolayer (rather than submerging PEO 
segments into the water subphase) and its transformation to the uniform bilayer. 
 
2.5 Thesis Organization 
 
This thesis is organized in a manner in which each chapter (Chapters 3–9) represents 
an individual paper that is published, accepted, or submitted to a refereed scientific journal.   
 
Chapter 3.  The first step in order to understand influence of architecture and 
chemical composition on surface properties is the synthesis of branched copolymers.  
Chapter 3 presents the synthetic procedures to obtain star polymers by anionic 
polymerization of ethylene oxide and followed by atom transfer radical polymerization 
(ATRP) of styrene, published in Macromolecules (2004, 37, 7497-7506).  In this paper, the 
focus is on the synthesis of several amphiphilic asymmetric three- and four-arm PEO-PS star 
polymers with functional terminal groups of a general formula PEOn-b-PSm with n=0, 1, 2 
and n + m ≤ 4. 
 
Chapters 4 and Chapters 5.  The focus of these two chapters is studying of the 
surface morphologies of the monolayers of star–shaped amphiphilic PEO-PS polymers.  
Chapters 4 is a paper published in Langmuir (2004, 20, 9423-9427).  In Chapter 4 the 
properties of these star-shaped macromolecules were compared with properties of linear 
diblock copolymers.  Detailed analysis revealed that well-developed domain surface 
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morphology in organized monolayers could be formed at the air-water interface.  In Chapter 
5 (paper published in Macromolecules (2004, 37, 6511-6522)) we have shown that for star-
block copolymers both architecture and chemical composition heavily favor the formation of 
highly curved interfaces. 
 
Chapter 6.  In this chapter, a series of (X-PEO)2-(PS-Y)2 heteroarm star copolymers 
with combinations of bromine, amine, TBDPS, hydroxyl, and carboxylic terminal groups 
have been synthesized and studied.  Chapter 6, which is a paper in Macromolecules (2005, 
38, 8765-8774), focuses on the role of functional terminal group combinations with regards 
to their interfacial behavior and surface morphology.  The study concluded that oppositely 
charged ionic functional groups attached to hydrophobic and hydrophobic chains resulted in 
the best stabilization of the spherical domain morphology, rather than cylindrical 
morphology predicted for the given chemical composition of star copolymers. 
 
Chapter 7.  In this chapter we expanded our studies of stimuli responsive block 
copolymers on to surface behavior of the amphiphilic ABCBA pentablock copolymer with 
respect to the environmental conditions.  In Chapter 7 (a paper published in Langmuir 
(2006, ASAP)), a reversible transition at the air-water interface was demonstrated for the 
pentablock copolymer PDEAEMA upon temperature changes in a narrow pH range of the 
water subphase.   
 
Chapter 8.  This chapter is a paper published in Macromolecules (2006, 22, 6168-
6176).  The work here is significant for the reason of the significant influence of number of 
arms and their length domain nanostructures of the PEOnPSn star polymers on their ability to 
form at the air-water and air-solid interfaces.  Several star polymers composed of equal 
number of PEO-PS arms with variable length and large (up to 38 total) number of arms have 
been examined.  A range of nanoscale surface morphologies have been observed ranging 
from cylindrical to circular domains to bi-continuous structures and even novel 2D 
supramolecular net-like nanostructure and peculiar dendritic superstructures were formed.   
 
Chapter 9.  This chapter is a paper published in Macromolecules (2006, 39, 4756-
4766).  In this paper, the synthesis of novel hyperbranched amphiphilic polyethylene oxide-
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polystyrene (PEO-PS)n copolymers obtained by controlled radical polymerizations: 
nitroxide mediated polymerization (NMP) and reversible addition-fragmentation chain 
transfer (RAFT) have been reported.  The random, mixed character of short hydrophilic and 
hydrophobic fragments results in peculiar surface behavior: unlike regular linear and star 
block-copolymers the amphiphilic hyperbranched macromolecules with higher PEO content 
are spread at the air-water interface and short PEO fragments are not submerged into the 
water subphase even at high compression.  
 
Chapter 10 contains general conclusions.   
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Chapter 3 
 
Synthesis and Properties of Asymmetric Heteroarm PEOn-b-PSm Star 
Polymers with End Functionalities 
 
A paper published in Macromolecules (2004, 37, 7497-7506)∗  
 
S. Peleshanko,1,♦ J. Jeong,1 V. V. Shevchenko 2, K. L. Genson 1, Yu. Pikus 1, M. Ornatska 1, 
S. Petrash,3 V. V. Tsukruk1 
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 Department of Materials Science and Engineering, Iowa State University, Ames, IA 
50011 
2
 The Institute of Macromolecular Chemistry, Kiev, 02160, Ukraine 
 3 Corporate Research, National Starch and Chemical Company, Bridgewater, NJ 
08807 
 
3.1 Introduction 
 
In the past years, much attention has been paid to a variety of star shaped polymers 
with different chemical compositions and well-defined chemical architectures which were 
synthesized using sophisticated approaches such as anionic polymerization and atom radical 
transfer polymerization (ATRP).1,2  New star block copolymers composed of similar arms 
(homoarm) and different arms (miktoarm or heteroarm) with different molecular weights 
and architectures have been synthesized.3,4  These polymers are expected to exhibit unique 
phase behavior and properties due to a combination of heterogeneity of chemical structure 
and chain branching.5,6  They can be used as polymeric surfactants, electrostatic charge 
reducers, compatibilizers in polymer blending, phase transfer catalysts, and solid polymer 
                                                 
∗
 Reproduced with permission from Macromolecules 2004, 37 (20), 7497-7506. Copyright 2004 American 
Chemical Society 
♦
 S.P.: Primary researcher, carried out most of experiments, a writer of all drafts  
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electrolytes.  Amphiphilic star-block copolymers, which combination of hydrophilic and 
hydrophobic arms have been a subject of special attention in surface-related applications.  
Among them, star copolymers containing hydrophilic poly(ethylene oxide) (PEO) and 
hydrophobic polystyrene (PS) arms stand apart because of the non-ionic and highly 
crystalline nature of the hydrophilic PEO blocks.  The amphiphilic nature of these 
copolymers with incompatible arms gives rise to special properties not only in selective 
solvents, but also at surfaces and interfaces.7  
 
The formation of surface micelles or well-defined surface aggregation at air-water, 
air-solid interfaces and in solution has been observed for a number of linear PEO-PS diblock 
copolymers.7,8  In contrast, very few papers have been published to date on the interfacial 
properties of PEOn-b-PSm and (PEO-b-PS)n star polymers.9  Such heteroarm star polymers 
have been synthesized by anionic polymerization where the number of arms varied from 2 to 
19.  As an example, a star polymer with a large number of arms, PEO10-PS10, with the 
molecular weight of the arms equal to MPEO=25000 and MPS=2300 was synthesized, 
characterized and its lyotropic liquid crystalline structures were investigated.10  Another 
amphiphilic heteroarm PEO-PS star polymer having a low molecular weight of the PEO 
block (Mn <2500) and symmetrical architecture was reported.11,12  The synthesis of other 
related types of PEO-PS block copolymers, such as (PS)2n-(PEO)n-(PS)2n13, gemini-like 
PEO2-b-PS 14, and Janus-type 15 have also been discussed.  While previous attempts at 
synthesizing heteroarm star polymers with various architectures have been successful and 
significant progress has been achieved in the understanding of the bulk microstructure and 
properties, only limited input on the role of chemical architecture on interfacial properties 
can be found in literature.   
 
However, to date a major attention is paid to star block copolymers with chemical 
composition close to symmetrical which favorites to the formation of the lamellar phases 
with asymmetrical composition tested only on few occasions.  On the other hand, all star 
block copolymers synthesized to date possess “dead” terminal groups (e.g., methyl groups) 
which are not capable of further modification and chemical reactions such as, e.g., involving 
grafting of these star polymers to solid substrates and at interfaces.  Even in situation when 
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the PS arms possess bromine terminal groups which can be used for further reaction, the 
PEO arms are deadly blocked.  This design, thus, prevents any further developments by 
placing star block copolymers at asymmetrical interfaces and allowing dissimilar arms to be 
chemically grafted on both sides of interfaces.  This kind of interfacial design can be of 
interest for various, stress-prone applications, and star polymers can be explored as potential 
adhesives, reinforcing additives, and components for multilayered protective coatings.16,17  
Considering this far-reaching target, in our research we focus on synthesis and 
comprehensive characterization of a series of heteroarm star block copolymers with both 
dissimilar arms functionalized with terminal groups capable of further modification and 
reaction. 
 
The goal of this particular study reported here is the synthesis of a novel series of 
asymmetric, heteroarm star polymers of the PEOn-b-PSm type with both types of arms 
possessing different terminal functionalities.  These functional terminal groups of the both 
different types of arms can be selectively transformed later in reactive groups suitable, e.g., 
for grafting the solid substrates or on an asymmetrical interface.  Here, we focus on 
asymmetric, heteroarm star polymers PEO-b-PS2 and PEO-b-PS3 with a single PEO arm of 
modest molecular weight and a variable number and molecular weight of PS arms (Scheme 
3.1).  We also synthesize star polymers, PEO3, PEO4, and PS4, as well as symmetric PEO2-
b-PS2 star polymer for comparative purposes (Figure 3.1).  In this paper, we describe the 
synthesis of these star block copolymers and the results of the characterization of their 
chemical composition and bulk properties and included preliminary data on their surface 
behavior.  The detail discussion of their surface properties, morphologies, and 
microstructures in relationship with their chemical architecture will be published 
elsewhere.18   
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PEO PS
Series II
Series I
Scheme 1. General schematics of star polymers synthesized 
 
Scheme 3.1. General Schematics of Star Polymers Synthesized in This Work: Series I, 
Homoarm Linear and Star Polymers; Series II, Three- and Four-Arm PEOn-b-PSm Star 
Polymers 
 
 
PEO-b-PS2-1 PEO-b-PS3-1 
PEO2-b-PS PEO2-b-PS2 
 
Figure 3.1. Molecular models of heteroarm star polymers. 
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3.2 Experimental procedures 
 
Chemicals.  Tetrahydrofuran (THF) was purified by drying over sodium-
benzophenone before distillation.  Styrene (St) was stored over calcium hydride and then 
vacuum distilled before use.  Ethylene oxide (EO, Aldrich) was purified by stirring over 
CaH2 for 3h before being distilled into a reaction flask.  Methylene chloride was distilled 
over CaH2. 2-(Benzoxy)-ethanol, 1, was distilled from calcium hydride. 2,2’-Bipyridine 
(Bipy, Acros), triethylamine (TEA, Fisher), 2-ethyl-2-hydroxymethyl-1,3-propanediol 
(trimethylolpropane (TMP), Aldrich), 2, pentaerythritol, 3, were purified according to 
literature.19 Potassium naphthalide (K-Naph) was prepared according described procedure.20  
(1-Bromoethyl)benzene, 4, was distilled under vacuum prior to use. 4-
(Dimethylamino)pyridinum-4-toluenesulfonate (DPTS) was prepared according to a known 
procedure.21  Copper (I) bromide (CuBr) was purified according to a reported procedure.22  
Methanol (Fisher), hydrochloric acid (aq., 12 M, Fisher), 2-bromoisobutyryl bromide (Alfa 
Aesar), tert-butyldiphenylchlorosilane (TBDPS-Cl, Aldrich), tert-butyldimethylchlorosilane 
(TBS-Cl, Aldrich), potassium hydride, potassium and 4-dimethylaminopyridine (DMAP, 
Acros) were used as received.  The initiators, 1,1,1-tris(2-bromo 
isobutyryloxymethyl)propane (3Bri-Pr), 5,23 pentaerythritol tetrakis(2-bromoisobutyrate) 
(4Bri-Bu ), 6,7, 22 4-(hydroxymethyl)-2,6,7-trioxabicyclo[2.2.2]octane (HTBO), 7,24 2,2-
dimethyl-5-hydroxymethyl-1,3-dioxane 8,25 and 2,2-dimethyl-5,5-bis(hydroxyl methyl)-1,3-
dioxane, 9,26 were synthesized as described in the corresponding references. The 2-(tert-
butyldimethylsilanyloxymethyl)-2-ethylpropane-1,3-diol, 10, was synthesized using a well 
known procedure that will be briefly presented below.  The chemical structures of all 
initiators are shown in Scheme 3.2. 
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Scheme 3.2. Chemical structure of initiators used for the synthesis of the polymers. 
 
Synthesis of 2-(tert-butyldimethylsilanyloxymethyl)-2-ethylpropane-1,3-diol, 10 
(Scheme 3.2).  Dry triethylamine (13 g, 17.5 mL, 130 mmol) and a catalytic amount of 
dimethylaminopyridine (2.8 g, 98 mmol) were added to a solution of TMP (2) (15.7 g, 117 
mmol) in 120 mL of dry THF. TBS-Cl (1 M solution in THF, 40 mL, 40 mmol) was added 
and the mixture was stirred for 48 h at room temperature. The reaction solution was diluted 
with 200 mL of CH2Cl2 and washed with 200 mL of saturated NH4Cl (4x) and 200 mL of 
water (2x). The organic phase was dried over MgSO4 and concentrated to yield 26 g of a 
transparent orange liquid. The crude product was purified by column chromatography on 
silica gel with ethyl acetate/hexane (3:7) to yield 10 as a transparent colorless liquid (11.6 g, 
40% yield). 1H NMR (CDCl3, δ): 0.00 (s, 6H, -SiCH3), 0.74 (q, 3H, -CH2-CH3), 0.92 (s, 9H, 
-CH3), 1.41 (t, 2H, -CH2-CH3), 2.96 (m, 1H, -OH), 3.41 and 3.54 (d, 2H, -CH2O-), 3.48-3.69 
(d, 2H, -CH2O-). 
 
Synthesis of linear and star PEO polymers.  Linear and star PEO polymers were 
synthesized by deprotonation of hydroxyl groups of the initiator followed by polymerization 
of ethylene oxide in THF at 45oC (Scheme 3.3) according well established procedures.27,28 
1H NMR of the linear PEO are (δ, ppm, CDCl3): 7.3-6.3 (m, 5H, aromatic); 3.6 (s, 4H, 
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(CH2CH2O)n, PEO block). The molecular characteristics of the linear and homoarm star 
polymers synthesized at this stage are presented in Table 3.1. 
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Scheme 3.3. Synthetic path used for the synthesis of homoarm linear and star polymers 
 
Synthesis of PEO blocks of heteroarm star polymer.  The PEOn-b-PSm star polymers 
were obtained in four steps using the protected initiators presented in Scheme 3.2.  The 
general synthetic route is presented in Scheme 3.4.  Step a- anionic polymerization of EO.  
Step b- removing protecting groups of the polymer under mild acidic condition in methanol.  
Step c- the ω-bromo-PEO precursors were obtained after followed reaction with 2-
bromoisobutyryl bromide in THF.  Step d- atom transfer radical polymerization (ATRP) 
using styrene as a monomer in the present of CuBr/bipyridyl system as a catalyst.   
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(Z-PEO)n-R-(OH)m 
            
Y-R-(OH)n 
Initiator 7-10 
 (Z-PEO)n-R-Y 
 
a b 
c 
 (Z-PEO)n-R-(Br)m 
Macroinitiator 
d 
(Z-PEO)n-R-(PS)m 
 R   -the core;    n+ m=3 or 4  
Z, Y   -protecting group   
 
Scheme 3.4. A general routine for the synthesis of heteroarm star polymers used in this 
work: step a- anionic polymerization of EO; step b- deprotection; step c-synthesis of Br-
terminated PEO precursor; step d-ATRP of styrene. 
 
Deprotonation of the hydroxyl groups of the initiator using potassium naphtalide was 
followed by the polymerization of ethylene oxide in THF at 45oC as described in literature.28  
Instead of using an acidic solution, the anionic polymerization was terminated by adding the 
TBDPS-Cl (1.5 equiv.), TEA (2 equiv.) and DMAP (0.2 equiv.) to the reaction flask.  The 
reaction mixture was stirred for another 24 hrs at 40oC.  After cooling, the mixture 
concentrated on rotor evaporator, than  precipitated in diethyl ether (three times), dried and 
store in the refrigerator at +20.  The final yield was 85-90%. 1H NMR results of synthesized 
PEO blocks of PEOn-b-PSm macroinitiator were (δ, ppm, CDCl3): PEO-b-PS3: 7.3-6.3 (m, 
10H, aromatic); 5.5 (s, 1H); 3.6 (s, 4H, (CH2CH2O)n, PEO block); 1.05 (s, 9H, C(CH3)3); 
PEO-b-PS2: 7.3-6.3 (m, 10H, aromatic), 3.6 (s, 4H, (CH2CH2O)n, PEO block), 1.43 (q, 2H, -
CH2-CH3), 1.32 ppm (s, 6H), 1.05 (s, 9H, C(CH3)3), 0.78 (t, 3H, -CH2-CH3);  PEO2-b-PS2: 
7.3-6.3 (m, 20H, aromatic), 3.6 (s, 4H, (CH2CH2O)n, PEO block), 1.32 ppm (s, 6H), 1.05 (s, 
18H, C(CH3)3);  PEO2-b-PS: 7.3-6.3 (m, 20H, aromatic); ), 3.6 (s, 4H, (CH2CH2O)n, PEO 
block), 1.43 (q, 2H, -CH2-CH3), 1.05 (s, 27H, C(CH3)3), 0.78 (t, 3H, -CH2-CH3), 0.05 (s, 6H, 
-Si(CH3)2). 
 
Deprotection of PEO block.  1g of PEO macroinitiator was dissolved in 3 mL of the 
80% acetic acid solution in THF.  The reaction mixture was stirred for 2h at room 
 70 
temperature.  The polymers were precipitated twice in ether and dried under a high vacuum 
for 12 h (yield was 80%).  Cleavage of the protecting groups was monitored by the changing 
intensity of the peak in the 1H NMR spectra at 5.5 ppm for PEO-b-PS3 macroinitiator, at 
1.32 ppm for PEO-b-PS2 and PEO2-b-PS2, and at 0.05 ppm for PEO2-PS macroinitiator. 
 
Synthesis of macroinitiators for heteroarm star polymers.  The ω-bromo-PEO 
precursors were obtained after reacting  of the deprotected PEO block of the heteroarm star 
polymer with 2-bromoisobutyryl bromide in THF.  The last step was performed using ATRP 
of styrene as a monomer in the presence of the CuBr/bipyridyl system as a catalyst.  
 
Under typical reaction conditions, the polymer with deprotected OH-groups was 
chemically modified by 2-bromoisobutyryl bromide in the presence of TEA.  1 g (0.14 
mmol) of bromo-functionalized PEO macroinitiator (Mn=7300) was dissolved under an 
argon atmosphere in a solution of 1mL of TEA in 50 mL of anhydrous THF.  After this, 0.2 
mL (54 mmol, 10 eq.) of 2-bromoisobutyryl bromide was added dropwise at 0oC (ice bath) 
over 15 min with vigorous stirring.  The mixture was than stirred overnight at room 
temperature.  The triethylamine hydrobromide was precipitated, and after filtration, the 
solution was concentrated by evaporation and poured in 10 fold excess of diethyl ether.  
After filtration, the precipitate was dissolved in a small amount of dry THF, centrifuged to 
remove residual salt, and precipitated one more time. The final yield was 80%.  The degree 
of functionalization was monitored by the appearance of 1H NMR signal at 1.9 ppm, which 
corresponds to OOC(CH3)2Br group. 
 
Synthesis of linear, star PS and PS blocks of star polymers.  Linear and star PS 
polymers were synthesized by the reaction of the hydroxyl groups of the polyols with 2-
bromoisobutyryl bromide in THF, followed by ATRP of the obtained initiator with styrene 
as a monomer in the presence of CuBr/Bipyridine (Bipy) catalyst at 100oC (Scheme 3.2).12,29   
Schlenk flask was charged with tris(2-bromoisobutyrate) PEO macroinitiator 3 (0.2 g, 
3.33x10-5 mol), CuBr (13.2 mg, 1x10-4 mol), and Bipy (46.8 mg, 3x10-4 mol).  Styrene (2.1 
mL, 2.2x10-2 mol) was added, and the mixture was degassed and heated at 100°C for 6 hrs.  
Dichloromethane was added to the crude product and the mixture was filtered over a column 
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of neutral alumina.  The resulting solution was precipitated twice in a large excess of 
hexane.  The polymer was dried under vacuum at 30°C. 1H NMR results for PEO-b-PS3 and 
PEO2-b-PS star polymers follow (δ, ppm, CDCl3): 7.3-6.3 (m, PS block, aromatic); 3.6 (s, 
4H, (CH2CH2O)n, PEO block); 2.5-1.1 (m, 3H, PS block, aliphatic main chain); 1.0 (s, 9H, 
C(CH3)3).  
 
Hydrolysis of the PEOn-b-PSm and PSn copolymers.  The character of the branched 
architectures was verified by the cleavage of ester functions linking the PEO moiety to PS 
arm and analyzing the molecular weight of cleaved arms.  The procedure was conducted in 
accordance with that described in literature. 30   Typically, the star polymer (50 mg, 7.2 x 10-
5
 mol of ester) was dissolved in THF (10 mL).  Then, KOH (1 mL, 1 M in methanol 
solution) was added via a syringe.  The solution was refluxed overnight.  After this, the 
solution was concentrated by the evaporation of THF and precipitated in pure methanol 
(yield of 40%).  
 
Characterization.  1H NMR spectra were recorded with a 300 MHz Bruker 
spectrometer with a solvent proton signal as the internal standard.  The number-average 
molecular weight (Mn) of the PS and PEO chains were calculated from 1H NMR spectra 
using the ratio of the aromatic protons (δ=6.2-7.2) and the oxirane (-OCH2-) protons of 
ethylene oxide unit (δ=3.6) against tert-butyl protons (δ=1.05), respectively.  Gel permeation 
chromatography (GPC) measurements in THF were performed in HPLC-grade THF at a 
flow rate of 1 mL/min using a Waters Breeze GPC system equipped with a Waters 1515 
pump, Waters 717/plus auto-sampler, and Waters 2414 RI-detector.  A set of two columns 
(PL-Gel Mixed C 5µm, Polymer Lab., Inc.) with gradient of pore sizes from 100 Ǻ to 105 Ǻ 
was used for these measurements.  The column calibration procedure used PS standards 
(Polymer Lab., Inc.) having a narrow molecular weight distribution.  A polymer sample was 
dissolved in THF with concentration around 0.5-1.5 mg/mL and filtrated through a Teflon 
0.2 µm filter into a sample vial.  
 
The solid substrates used for the deposition of the block copolymers were freshly 
cleaned, atomically smooth, [100] silicon wafers of a high quality widely used in our 
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previous studies of various monolayers and grafted polymers.31,32  Wafer preparation was 
conducted in a class 100 Cleanroom to avoid air contaminations in accordance with the 
standard procedure adapted in our laboratory. 33  Polymers adsorbed onto bare silicon 
surfaces were prepared by submerging a solid substrate in the polymer solution with 
concentration about 10-6-10-7 mol/L for 24 h.  After washing substrate twice with the 
solvent, used for the preparation of polymer solution, sample was dried under the stream of 
nitrogen.  Langmuir-Blodgett (LB) monolayer deposition was conducted using an LB trough 
(R&K 1, Germany).  45-60 µL of dilute polymer solution (concentration about 0.1 mmol/L) 
in chloroform was deposited onto the Nanopure water surface of LB trough and left to 
evaporate the solvent for 30 minutes.  After this, the monolayer was compressed to a 
specific pressure and deposited onto silicon substrate while simultaneously keeping the 
surface pressure constant.  The surface morphology was observed with atomic force 
microscopes (AFM) Dimension-3000 and Nanoscope III Multimode microscopes (Digital 
Instruments, Inc.) in the tapping mode according to the usual procedure adapted in our 
laboratory.34,35   
 
DSC analyses were performed on an MDSC Q100 instrument and a Perkin Elmer 7 
series thermal analysis system with a heating rate of 20oC/min.  Approximately 5 mg of 
polymers was used for these measurements.  The X-ray measurements of bulk polymers 
were performed on a Scintag XDS-2000 X-ray Diffractometer.  Scans were collected in the 
2θ range from 5o to 35o, with a step of 0.05o, and a scan rate of 0.5o per minute.  The 
generator parameters were set at 45 kV with the current of 35 mA.  Monochromatic Cu Kα, 
radiation with a wavelength of 1.54 Å was used for all measurements.  All peaks observed in 
diffraction pattern were fit using a Lorentzian function.  The degree of crystallinity was 
calculated by dividing the area beneath all crystalline peaks by the sum of the area beneath 
all crystalline and amorphous peaks.  The molecular models of all molecules were built with 
the Materials Studio 3.0 software package by using the combination of molecular dynamics 
and energy minimization routines. 
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3.3 Result and Discussion 
 
Synthesis of the polymers.  Figure 1 shows molecular models generated for all block 
copolymers synthesized here.  The molecular models visualize spatial distribution of two 
different blocks in molecules with different chemical compositions including those with 
predominant content of PS blocks and close content of both blocks.   
 
The 1H NMR spectra of the heteroarm PEO-b-PS3-2 star polymer collected during 
end functionality transformations are used here for the illustration of controlled chemical 
step-by-step synthesis procedure implemented in this study (Figure 3.2).  All characteristic 
peaks expected for the chemical groups of PEO and PS are clearly marked, according to the 
literature value.36  The appearance of appropriate peaks for various functional groups at 
different stages of the synthetic procedure is clearly marked at these plots (Figure 3.2).  The 
relative content of PEO and PS chains was calculated by the integrating of the aromatic 
signal for the PS backbone and a signal at 1.05 ppm which is related to the tert-butyl protons 
of the TBDPS-protecting group.  The calculated parameters for the chemical composition of 
the star polymers from NMR data are presented in Table 3.2.  As seen from the data, the 
molecular weight of PEO arms was kept virtually constant and close to 7000 (the degree of 
polymerization (DP) of about 180) for all star polymers.  In contrast, the molecular weight 
of the PS block varied widely from as low as 9800 to as high as 24000 (DP from 94 to 240).  
Resulting total molecular weight of the star polymers ranged from 23000 to 67000 (Table 
3.2).  This covers the entire range of molecular weights of the selected reference linear 
blocks (from 6 000 to 34000) and homoarm PS and PEO star-block copolymers (from 17000 
to 180 000) (Tables 3.1, 3.2).  
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Figure 3.2. 1H NMR spectra of end functionality transformations for all major intermediate 
steps in the course of the synthesis of PEO-b-PS3-2 heteroarm star polymer with the 
assignment of major peaks. 
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Table 3.1.  GPC molecular characteristics of linear and homoarm star polymers. 
Polymer structure Mn Mw PDI 
1 7 200 9 300 1.29 Liner PS  
2 8 800 10 700 1.22 
1 6 330 6 840 1.08 Linear PEO 
2 8 690 9 250 1.06 
3-arm star PEO  25 120 30 220 1.2 
4-arm star PEO  50 130 63 320 1.26 
1 17 440 19 840 1.13 
2 49 000 52 950 1.08 
3-arm star PS 
3 58 500 64 220 1.09 
1 20 310 22 050 1.08 4-arm star PS 
2 45 560 48 950 1.07 
 
 
Table 3.2. Chemical composition and molecular weight of heteroarm star polymers. 
GPC data NMR data 
PEO arm 
 
PS arm 
(after 
cleavage) 
Total PEO 
arm 
PS 
arm 
Total 
 
Polymer 
Mn PDI Mn PDI Mn PDI Mn d φPEO Mn Mn 
PEO-b-PS3-1 a 7 100 1.09 10 200 1.1 23 300 1.16 7 500 0.18 9 800 37 000 
PEO-b-PS3-2 b 7 100 1.09 18 300 1.13 38 200 1.19 7 500 0.10 20 000 67 000 
PEO-b-PS2-1 a 7 200 1.05 7 900 1.16 19 200 1.29 7 100 0.26 8 900 25 000 
PEO-b-PS2-2 b 7 200 1.05 26 900 1.15 47 400 1.18 7 100 0.11 23 900 54 800 
PEO2-b-PS b 5 600 1.13 9 400 1.17 20 000 1.2 6 300 0.53 9 800 22 500 
PEO2-b-PS2 c 6 300 1.1 14 300 1.23 19 200 1.16 6 300 0.31 13 900 40 900 
Styrene: -Br-group: CuBr: Bipy=300:1:1:3, a time=6h; b time=12h; c time=8h; d φ is a volume fraction of PEO 
block. 
 76 
FTIR was used for independent confirmation of the chemical composition in the bulk 
state after precipitation from solution.  As an example, the spectrum of PEO-b-PS3-2 
heteroarm star copolymer is presented in Figure 3.3.  The peak at 2850 cm-1 corresponds to 
CH2 and CH stretching vibration of PS backbones.37  The presence of the phenyl groups of 
PS chains is confirmed by strong peaks at 700 cm-1 and 3000-3200 cm-1, which correspond 
to the deformational and stretching vibrations of the aromatic C-H bond.  That also is 
confirmed by two strong peaks at 1450 cm-1 and 1500 cm-1 corresponding to the 
deformation vibration of C-C bonds of the aromatic ring.  A strong peak at 2900 cm-1 and a 
broad peak around 1100 cm-1 confirmed the presence of CH2 and C-O-C ether group of PEO 
units (Figure 3.3).  The variation of the peak intensities for CH2 and CH (ar) groups was 
used for independent qualitative control of the chemical composition for heteroarm star 
copolymers.  
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Figure 3.3. FTIR data for the heteroarm PEO-b-PS3-2 star polymer with the assignment of 
all major peaks. 
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The progress in synthesis of the linear and star homopolymers and the quality of the 
final molecular weight distribution were also controlled by GPC (Figure 3.4).  As expected, 
the PEO linear chains possessed very narrow molecular weight distribution (PDI<1.1) and 
the PEO star polymers showed only slightly higher PDI around 1.1-1.2 (Table 1).  PDI for 
PS linear and star polymers obtained with ATRP were in the same range varying from 1.1 to 
1.3.  All heteroarm star polymers showed a relatively low polydispersity (usually below 1.2) 
(Table 3.2).  Although, the absolute value of the molecular weight cannot be directly 
determined from GPC because of the specific solution properties caused by non-linear 
architecture of the polymer chains, 6,38 but the GPC data shows an important general trend 
consistent with the NMR data with fairly close but underestimated absolute values (Table 
3.2).  Difference between GPC and NMR data is usually observed for highly branched 
polymers and is related to the different conformational of star polymers as compared to 
linear chains from calibration standards.39  
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Figure 3.4. GPC data for of intermediate steps in the course of the synthesis of PEO-b-PS3-2 
heteroarm star polymer: a) 1) PEO-block after polymerization; 2) PEO-block after 
deprotection; 3) PEO-(Br)3 macroinitiator; 4) resulting PEO-b-PS3-2 star polymer; b) 
resulting heteroarm PEO-b-PS3-2 star polymer (solid line) and PS fragments after cleavage 
(dash line). 
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The GPC curves were obtained for all intermediate products to control even subtle 
changes in the molecular structure at different synthetic stages.  For example, a control for 
the synthesis of the PEO-b-PS3-2 star polymer (Table 3.2) is shown in Figure 3.4.  As can be 
clear seen from the data, the polydispersity remained low and unchanged during the 
deprotection of the initially synthesized PEO chains and their quenching with 2-
bromoisobutyryl bromide in the presence of triethylamine.  The GPC plot after the 
polymerization of styrene showed the formation of PS arms as confirmed by the 
proportional shift of the peak (Figure 3.4).  The initial peak corresponding to the precursor 
disappeared completely, which indicated that all PEO macroinitiator molecules were 
consumed in the course of the reaction.  The presence of a new peak, which appeared after at 
a much shorted elution time, confirmed the formation of the star polymer. 
 
The final independent and critical confirmation of the actual architecture of the star 
polymers came from the star disassembling technique widely used for these polymers.12  
The hydrolysis of the star polymers and following GPC analysis of the cleaved arms were 
conducted as recommended by Gnanou et al (Figure 3.4).12  The results presented in Table 
3.2 for the cleaved PS chains provided crucial confirmation of the actual star architecture.  
The molecular weight of both PEO chains obtained independently before synthesis of star 
polymers and PS arms cleaved from the star structure were very close (usually within ±10%) 
to that estimated from NMR data for the original star polymers (Table 3.2).  GPC data also 
demonstrated a narrow molecular weight distribution of the cleaved arms with PDI below 
1.2 for PS chains.  Therefore, a combination of several chemical characterization techniques 
and cleavage technique provided clear evidence of the formation of the star architecture as 
intended for these polymers. 
 
Thermal properties.  It is well known that the suppression of the melting temperature 
is usually observed for the PEO phase in star polymers.  This phenomenon is attributed not 
only to the lower molecular weight of the PEO arms but also to the presence of the core 
which makes a more defective crystal structure where the central core is excluded from the 
PEO crystal lattice.40,41  In fact, our data confirmed a similar trend for the heteroarm star 
polymers synthesized in the course of this work.  DSC experiments performed on several 
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selected samples in a temperature range from –80oC to 150oC showed very similar results 
for different architectures (see typical data in Table 3.3).  The peak melting temperature, Tm, 
of PEO chains was shifted to lower temperatures as compared to the Tm = 66oC observed for 
a linear polymer.42  Overall, this shift was fairly similar for all star polymers studied here 
and varied from 3 to 6oC.  The melting peak of the PEO-enriched phase in the star polymer 
exhibited a modest broadening, which may be attributed to the higher polydispersity of the 
star polymers.   
 
Table 3.3.  Thermal data of selected heteroarm star polymers. 
Polymer Tg (PS),oC Tm (PEO),oC ∆H, J/g Overall α, % PEO phase α, 
% 
PEO-b-PS3-2 94 61 4.5 2.4 24 
PEO-b-PS2-2 91 62.5 9.1 4.5 40 
∆H is enthalpy of melting of the polymer, overall α is a degree of crystallinity, calculated from DSC: α = (∆Hf / 
∆Hf)*100%, where ∆Hf=188 J/g 9a is enthalpy of melting of PEO, PEO phase α = overall α / φPEO  and is 
characteristic of the PEO phase itself.  
 
We calculated the apparent overall degree of crystallinity in star polymers from the 
DSC data and obtained very low values ranging from 2.4% to 4.5% (Table 3.3).  This is 
partially due to a low fraction of PEO blocks usually present in these materials.  However, 
these values were well below the expected values estimated from the volume fraction of the 
PEO arms.  In fact, the estimated degree of crystallinity of the PEO phase itself calculated 
by taking into account the PEO content in the material was relatively modest and not 
exceeding 40% (Table 3.3).  This is well below usual values obtained for linear PEO 
polymers.  As known, linear PEO shows excellent crystallization properties with the degree 
of the crystallinity reaching 90-95%.43,44   
 
The DSC results also confirmed that a well-defined microphase separation between 
PEO and PS arms takes place in the heteroarm star polymer, as expected for a bi-component 
system in a strong segregation limit.45  In addition to the exothermic peak corresponding to 
the melting of the PEO phase discussed above, the glass transition of the PS chains was 
detected at elevated temperatures.  Again, the glass transition temperature was slightly lower 
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(10-20oC) than that seen for linear, high molecular weight PS.42  The lowering of the glass 
transition temperature of the PS chains observed here is in agreement with the known trends 
for linear polymers with lower molecular weight.  This phenomenon can be enhanced by the 
presence of the branch points as was suggested for star-shaped PS polymers with different 
cores and the number of PS arms.46,47,48 
 
Crystalline structure.  The crystalline structure of the PEO phase was modestly 
affected by the molecular architecture in a similar way as the thermal properties discussed 
above.  The X-ray data for the linear PEO polymers synthesized here were similar to those 
observed earlier for the high molecular weight PEO with only a slight reduction in intensity 
being observed for the major peaks.  This indicates slightly reduced crystalline order in the 
shorter PEO chains.  In fact, the comparison of literature data and the calculated values of 
unit cell parameters in the monoclinic crystal structure and the degree of crystallinity, α, 
showed virtually unchanged unit cell parameters but a lower degree of crystallinity of the 
linear, low molecular weight PEO (Table 3.4).  This change can be associated with a slightly 
increased polydispersity seen for PEO chains synthesized here and the presence of the bulky 
terminal groups (see Scheme 3.3).   
 
A relatively high degree of crystallinity is usually observed for PEO homoarm star 
polymers as well.41  Indeed, an X-ray plot for the 4-arm PEO homoarm star polymer 
synthesized here displayed a number of sharp peaks (Figure 3.5).49  Two major peaks with 
the highest intensity at 2θ=19o and 23o correspond to the reflection from [120] and 
[032]+[112] crystallographic planes of the monoclinic unit cell.50  In this unit cell, the PEO 
macromolecules assume a helical conformation consisting of seven monomer units per the 
identity period of 19.48 Å (Figure 3.4).51   
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Figure 3.5. X-ray diffraction data: top- linear PEO polymer (a), Mn=8781, (b); bottom- peak 
fitting of the XRD data of the four-arm PEO star polymer: XRD data of the star polymer 
(solid), crystalline and amorphous peak fitting (dash); calculated fitting (dash dot dot); 
difference between calculated and initial XRD data (dot). 
 
The peak fitting was used for the separation of crystalline and amorphous 
contributions and the calculation of the degree of crystallinity as demonstrated in Figure 3.5.  
The homoarm star polymer with the same molecular weight of the individual PEO chains 
displayed the reduced degree of crystallinity to 55% as compared to the linear PEO chains 
synthesized here (Table 3.4).  This known effect is due to the presence of the junction point 
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in the star polymers and the restricted mobility of the PEO arms as was suggested earlier.52  
It is worth noting that the parameters of the PEO crystal lattice strongly depend upon sample 
thermal history and crystallization conditions however, this was not the focus of the current 
study.53,54,55 
 
Table 3.4.  The parameters of the unit cell and the degree of crystallinity of selected 
polymers. 
Polymer a, Å b, Å c, Å d, Å α, % 
PEO, literature data 42  8.05 13.04 19.5 - 92 
Linear PEO, Mn=8 690 8.03 13.06 19.4 - 67 
4-arm PEO star polymer 7.98 13.1 17.9 - 55 
PS, literature data 42 0 0 0 4.54 0 
4-arm PS star polymer 0 0 0 4.79 0 
PEO-b-PS3-1 0 0 0 4.55 <5 
PEO-b-PS3-2 0 0 0 4.43 <5 
PEO-b-PS2-2 0 0 0 4.48 <5 
 
For linear PEO-b-PS diblock copolymers it has been shown that the confinement of 
crystalline lamellae between amorphous phases frequently results decreased crystallinity.56  
Similar behavior was in fact observed for the PEO-PS star polymers synthesized here.  X-
ray diffraction data for the PS star polymer showed two diffuse maxima around 10o and 20o 
that corresponded to the amorphous structure of linear PS materials with short-range 
ordering of the backbones and side groups (Figure 3.6).57  The similar d-spacing and diffuse 
character of the diffraction maxima indicated unchanged amorphous structure of the PS 
chains in star polymers.   
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Figure 3.6.  X-ray diffraction data for linear PS chain (top) and heteroarm star polymers 
PEO-b-PS3-1 (bottom, a) and PEO-b-PS3-2 (bottom, b). 
 
Very similar diffraction data with two diffuse maxima were obtained for two 
different PEO-b-PS2 heteroarm star polymers (Figure 3.6).  No signs of sharp peaks 
indicating the presence of the PEO phase were detected for either polymer (we estimated the 
low limit of the detectable degree of crystallinity under our experimental conditions to be 
close to 5%).  Considering the high intensity and the large width of the diffuse maxima 
caused by predominant PS phase (the volume fraction of 74-90%), we estimated that the 
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content of crystalline PEO crystal phase did not exceed 5%.  Thus, we can conclude that the 
crystallinity of the PEO phase itself in these heteroarm star polymers should not exceed 20-
50% according to X-ray data.  This is consistent with the DSC evaluation discussed above 
(Table 3.3).  Apparently, the presence of several PS arms attached to the same core resulted 
in even more pronounced suppression of the PEO crystallization than that observed for the 
homoarm star polymers.  On the other hand, the presence of the bulky functional groups 
attached to the very ends of the PEO chains (Figure 3.2) could disturb crystallization process 
and slightly lower the degree of crystallinity of relatively short PEO chains. 
 
Surface behavior: preliminary results.  Preliminary studies of the surface behavior of 
the PEOn-b-PSm star polymers synthesized here revealed a strong trend to form micellar 
structures while cast from a solution onto the silicon wafer and the air-water interface 
(Langmuir monolayers) (Figure 3.7).  We observed the formation of dendritic crystalline 
structures for the PEO star polymers and stable spherical nanoscale micelles on a 
hydrophilic surface even when a non-selective solvent is used (Figure 3.7).  The height of 
the micellar structures usually did not exceed 10 nm and lateral dimensions were below 80 
nm indicating the formation of micellar structures formed from a limited number of 
molecules (Figure 3.7).   
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Figure 3.7.  Spherical micellar structures of adsorbed PEO-b-PS3-2 from toluene (top: 
topographical (left) and phase (right) images.  Scan size is 1 x 1µm2, height scale is 40 nm, 
phase scale is 10o) and adsorbed PEO-b-PS2-2 from chloroform (middle, right, scan size is 1 
x 1µm2, height scale is 6 nm); dendritic crystalline structures of PEO4 cast from THF 
(middle, left, scan size is 15 x 15µm2, height scale is 50 nm); lamellar and circular micellar 
structures Langmuir monolayer of PEO-b-PS3-2 formed at different surface pressure 
(bottom: 5 mN/m near meniscus, left, scan size is 10 x 10µm2, height scale is 10 nm, and 0 
mN/m near center, right, scan size is 5 x 5µm2, height scale is 5 nm). 
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Moreover, the amphiphilic heteroarm star polymers synthesized here formed stable 
Langmuir monolayers with a variety of intralayer micellar structures of lamellar and circular 
types, which was controlled by the initial solution concentration and the surface pressure at 
the air-water interface (Figure 3.8).  A strong trend to micellar structure formation has been 
already reported for PEO-b-PS star copolymers and other amphiphilic linear block 
copolymers. 58,59  However, we observed some peculiar behavior on surface morphologies 
and microstructures of heteroarm star copolymers as will be discussed in detail in a separate 
publication.18 
 
 
x, nm 
 
Figure 3.8.  3D AFM topographical image of micellar structures of adsorbed PEO-PS3-2 
and corresponding cross-section.  Scan size is 1 x 1µm2, height scale is 40 nm. 
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3.4 Conclusions 
 
A combination of the anionic polymerization of ethylene oxide and ATRP of styrene 
was exploited to synthesize novel asymmetrical, amphiphilic PEO-b-PS star block 
copolymers of various architectures with terminal functional groups.  Both arms of these star 
copolymers unlike the known examples are capable of further chemical reaction if placed at 
asymmetrical interfaces.  Most star copolymers synthesized here possessed a single PEO 
arm of the same molecular weight and a variable number of PS arms with different 
molecular weights.  The synthetic pathway followed to prepare such copolymers enabled us 
to control both the functionality and the amphiphilic balance with high accuracy.  The well-
defined character of these branched architectures was verified upon the cleavage of the ester 
functions linking the PEO moiety to the PS arms.  The PS arms obtained as a result of 
hydrolysis and disassembling of star polymers had low polydispersity and their molecular 
weights were in a good agreement with the values calculated by NMR for the corresponding 
heteroarm star polymers.   
 
For heteroarm star polymers synthesized here, we observed depressed melting 
temperature and reduced crystallinity of the PEO phase, lower glass transition temperature 
of the PS blocks, and micellar structure formation at surfaces, all expected for the 
amphiphilic block copolymers with several arms attached to a single junction point.  The 
presence of the bulky functional groups as terminal groups of PEO blocks can be hold as 
responsible for further reduction of the degree of crystallinity of these molecules.  
Furthermore, selective modifications of two different end groups of the dissimilar arms in 
the heteroarm star polymers can cause a broad variation of the chemical and physical 
properties without any changes of the polymer chain or molecular weight as will be pursued 
in further studies.  This is an interesting aspect for the selective absorption and grafting of 
heteroarm star polymers placed at the asymmetric interfaces. 
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4.1 Introduction 
 
Functionalized amphiphilic block copolymers are widely explored for their ability to 
form organized micellar aggregates with different morphologies in polymer solutions, bulk 
state, and in thin polymer layers at surface and interfaces, which are critical for many 
modern applications.1,2,3  One of the most exploited types of amphiphilic block copolymers 
is composed of polyethylene oxide (PEO) and polystyrene (PS) blocks.  The properties of 
these PEO-PS block copolymers with variable molecular weight and chemical composition 
are widely studied in the terms of their micellar structures in water 4 and organic solvents of 
different qualities5,6,7  The interfacial behavior and the microstructure of PEO-PS block 
copolymers at both air-water and air-solid interfaces have been widely studied during the 
past few years.8,9,10,11,12,13,14,15,16,17   
 
The surface behavior of these block copolymers is mainly controlled by the volume 
ratio of hydrophilic and hydrophobic blocks as was discussed in numerous 
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publications.10,18,19,20  Discussion of possible scenarios involved in the restructuring of the 
monolayers included initial spontaneous aggregation and changing conformation of the PEO 
chains and their regimes of submerging in the water subphase.  Although some important 
details of structural reorganization are still under discussion, a general understanding of the 
surface behavior of these linear block copolymers includes long PEO chains adsorbed at the 
air-water interface as the main reason for the formation of the characteristic plateau region 
on the surface-pressure isotherm.  In contrast, the long PS block (longer than the PEO block) 
should dominate the surface behavior demonstrating conventional “gas-liquid” behavior 
during compression with transition from scarce isolated circular domains to dense packed 
domains which transforming to cylindrical shapes at elevated pressures.10   In the past years, 
a number of novel types of amphilihic block copolymer were synthesized and investigated: 
branched PEO-PS block and graft copolymers21, heteroarm (miktoarmed) copolymers,22 
multi-armed symmetrical copolymers,20,23,24 Gemini25 and Janus-type26 copolymers.  
However, to date very limited data are available on how the confined architecture of these 
novel heteroarm star-block copolymers could affect their interfacial behavior and if the 
general trends known for linear block copolymers are held for analogous star-block 
copolymers.  
 
In this work, we report on the interfacial behavior of two four different amphiphilic 
heteroarm star-block copolymers, PEO-b-PS3 and PEO-b-PS2 (Figure 4.1).  These star-block 
copolymers represent case when the dimensions of the PEO chains, as it shown by 
computational models of star polymers in Figure 4.1, remain virtually unchanged for all star-
block copolymers due to similar molecular weight.  The overall length of PS arms is either 
comparable below, or much higher than that for PEO arm (Table 4.1).  The role of star 
architecture and the crowding of the multiple PS chains in the vicinity of a junction point at 
these two different regimes is the main focus of this work with detail description of observed 
surface morphologies to be published elsewhere.27   
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Figure 4.1. Chemical formulas of the heteroarm star polymers (top) studied in this work 
with corresponding molecular models and corresponding abbreviations (bottom).  R is tert-
butyldiphenylsilyl (t-Bu(Ph)2Si-) protecting group. 
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Table 4.1.  Properties of heteroarm star polymers. 
Tota
l 
PEO arm PS arm Experiment  
Mn, 
103 
Mn, 
103 
N
 
Larm, 
nm
 
φ Mn, 
103 
N
 
Larm, 
nm
 
Ao, 
nm2 
Ao/PEO 
unit, 
nm2 
Ao/PS 
unit, 
nm2 
PEO-b-PS3-1 37.0 7.5 170 65 0.18 9.8 94 24 21 0.33 0.074 
PEO-b-PS3-2 67.0 7.5 170 65 0.10 20.0 192 48 31 0.28 0.054 
PEO-b-PS2-1 25.0 7.1 161 61 0.26 8.9 86 22 11 0.23 0.064 
PEO-b-PS2-2 54.8 7.1 159 61 0.11 23.9 230 58 24 0.30 0.052 
N is the number of monomeric units; φ is a volume fraction of PEO block; L is the length of the corresponding 
arm. 
 
4.2 Experimental 
 
The amphiphilic heteroarm PEO-b-PS3 and PEO-b-PS2 star-block copolymers were 
synthesized by the “core first” approach.28  The anionic polymerization of ethylene oxide 
was followed by the atom transfer radical polymerization (ATRP) of styrene as has been 
reported in detail elsewhere (Table 4.1).29  These star-block copolymers have relatively low 
polydispersity index (1.16-1.3) as was confirmed by gel-permeation chromatography (GPC). 
The solid substrates were freshly cleaned, atomically smooth, [100] silicon wafers of a high 
quality.30  Wafer preparation was conducted in a class 100 Cleanroom to avoid air 
contaminations.  Langmuir isotherms were collected and Langmuir-Blodgett (LB) 
monolayer deposition was conducted using an LB trough R&K 1.  The effective thickness of 
the deposited monolayers was measured with a COMPEL Automatic Ellipsometer 
(InOmTech, Inc.).  The LB monolayers were studied with atomic force microscopy (AFM) 
by using Dimension-3000 and Multimode microscopes (Digital Instruments, Inc.) in the 
light tapping mode in accordance with the usual procedure adapted in our lab.31,32  
Molecular models were built using Materials Studio 3.0 and Cerius2 3.8 on an SGI 
workstation. 
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4.3 Results and Discussion. 
 
The surface pressure-area isotherms obtained for different amphiphilic heteroarm 
star polymers are shown in Figure 4.2.  All isotherms showed a steadily increasing surface 
pressure upon compression that is indicative of the formation of stable Langmuir 
monolayers.33  We didn’t observe any hysteresis of monolayers of the PEO-b-PS3-1 and 
PEO-b-PS2-1 up to 5 mN/m. But hysteresis was observed for PEO-b-PS3-2 and PEO-b-PS2-
2 star polymers even at low surface pressure, which can be explain by PS chain interactions, 
especially when the monolayer is compressed to its collapsed state.   
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Figure 4.2. The pressure-area isotherms for Langmuir monolayers of amphiphilic heteroarm 
star-block copolymers and corresponding representative AFM images of surface 
morphologies of PEO-b-PS3-1 star polymer at different surface pressures (top right corner of 
the image shows the surface pressure, first three AFM images are 500x500 nm2 and last two 
are 1x1 µm2, height scale is 10 nm). 
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The shape of these isotherms is slightly different from the surface-pressure isotherms 
obtained for linear diblock PEO-PS copolymers with a relatively low content of hydrophilic 
block.8,12  The isotherms for PEO-b-PS3-1 and PEO-b-PS2-1 showed some evidence of the 
phase transition of PEO at low (<10mN/m) surface pressure (pseudoplateau). In contrast, for 
PEO-b-PS3-2 and PEO-b-PS2-2 star polymers, we did not observe any pseudoplateau on the 
isotherms due to a low PEO content and relatively short PEO block unlike the traditional 
block copolymers with higher PEO content described in literature.8,12,14 It has been shown in 
numerous publications that the plateau characterized phase transition of the PEO chain from 
pancake to brush structure upon compression.8-16 Detectable increase of the surface pressure 
was observed for surface area per molecule below 40-60 nm2 with a sharp rise above 10 
mN/m, indicating the formation of the condensed monolayer state observed for surface areas 
below 10-30 nm2.  All pressure-area isotherms for star-block copolymers are consistently 
shifted to higher surface areas with increasing molecular weight of the PS arms (Figure 4.2).  
The surface area per molecule, Ao, calculated for all monolayers by the extrapolation of the 
steep rise in the surface pressure to a zero level, was in the range of 11 to 24 nm2 with 
increasing values observed for the copolymers with a higher molecular weight of PS arms 
(Table 4.1).34   
 
To gain additional insight into the surface behavior of the monolayers, we analyzed 
the surface morphology of the LB monolayers transferred at the solid substrate at different 
surface pressure (Figure 4.2).  For all monolayers studied here, we evaluated the overall 
effective thickness of the monolayers from ellipsometry and the PS domain heights and their 
surface coverage from AFM images (Figure 4.3).   
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Figure 4.3. The variation of the monolayer effective thickness (top), the surface coverage 
with PS domains (middle), and PS domain heights (bottom) with the surface pressure for 
four star-block copolymers.  Lines are guides for an eye. 
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The initial monolayer spreading results in the instant formation of the well-
developed domain morphology with circular domains (see representative images of PEO-b-
PS3-1 star polymer at different surface pressures in Figure 4.2).  The predominant structural 
element at all surface pressures were round, relatively uniform circular micelles with the 
diameter ranging from 40 nm to 200 nm and the thickness of 0.5-6 nm for different block 
copolymers (Figure 4.3).  The modest compression of the monolayer results in increasing 
their effective thickness and the packing density of circular domains to 60-70% without 
significant changes in their shape and lateral dimensions (Figure 4.3).  The effective 
monolayer thickness reached 2.5 - 5 nm for the different star-block copolymer at the highest 
pressure in the vicinity of the collapse where initial cracking was observed as a first sign of 
the monolayer pre-collapsed state (Figures 4.2, 4.3).  Despite significant scattering of the 
data, the increase of the monolayer thickness was consistent for all star-block copolymers 
with a systematic shift to higher values for molecules with higher molecular weight of PS 
arms.  In addition, an overall volume per molecule estimated from geometrical dimensions 
remains fairly unchanged, which implies no dramatic transformations of the micellar 
structure.   
 
Although it is clear that the general trend in the formation of the interfacial 
morphology for star-block copolymers studied here is similar to that reported before for 
conventional linear block copolymers, we observe several distinguished features which we 
believe could be attributed to the peculiar architecture of these star-shaped molecules.  For 
both star-block copolymers with a very low content of PEO block, a gradual increase in the 
surface pressure indicates the continuous formation of surface micelles (domains) with a 
limited number of molecules within an isolated domain.35a  On the other hand, the isotherm 
shape with plateau, which is a signature of similar linear PEO-PS block copolymers, were 
observed only for the star-block copolymers with a modest content of PEO block (Figure 2).  
These two polymers exhibit an array of highly uniform, circular aggregates in its LB, which 
confirmed the correlation between isotherms and AFM images described the surface 
behavior of PVP-PS diblock copolymers.35b-c In the star polymers with lower PEO contents 
(about 10%, Table 4.1), where no plateau was observed in the isotherm (Figure 4.2), the LB 
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film was primarily made up of a polydisperse very large, planar circular structures with 
some rodlike micelles. 
 
The onset of the initial stages of the formation of the monolayer is consistent with 
that expected for the linear block copolymers with hydrophilic block adsorbed at the air-
water interface and is not affected by the presence of the multiple PS chains.  In fact, the 
surface area per PEO unit for star-block copolymers (A1 value, Figure 4.2, Table 4.1) is 
similar to the surface area estimated for the PEO monomeric units at the water surface 
hydrogen-bonded with 1-3 molecules of water (0.28 nm2 for the PEO monomeric unit with 
two water molecules).10,11,36  However, in the condensed monolayer state, the surface area 
per  PS monomeric unit is within 0.05 – 0.07 nm2/unit for star-block copolymers (Table 4.1).  
This value is well below the usual value of about 0.08 - 0.1 nm2/unit observed for linear 
diblock copolymers.  This behavior indicates that multiple PS chains connected to a single 
joint are more stretched because of the crowding of PS arms near the star junction point as 
predicted for bulk structures.25,37,38  
 
Therefore, for the chemical composition studied here with a predominant content of 
hydrophobic blocks, we can conclude that the compression behavior of PS domains controls 
the surface behavior and the final morphology of the condensed monolayer with hydrophilic 
block spread thinly between PS domains and the silicon surface.  Star-block copolymers, 
especially ones with high molecular weight of PS arms, show significant stability for a 
circular domain structure over a wide range of pressures and surface areas without forming 
the cylindrical domains under high compression, which occurs for linear block copolymers.  
This trend can be associated with the crowding state of the PS chains tethered to a single 
joint point resulting in a more stable state of the curved shape of the interface (hence, 
circular micellar structures) in asymmetrical star-block copolymers.39  The trend toward 
higher stability of the curved interfaces associated with spherical domains is generally 
observed for solid state of star-block copolymers and is supported by theoretical 
considerations.40.41   
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The overall surface behavior, thus, is different for asymmetric star-block copolymers 
studied here where both architecture and chemical composition heavily favor the formation 
of highly curved interfaces and, thus, more stable circular domain structure of the 
monolayer, which sustains high compression of the monolayers.   
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Amphiphilic Heteroarm PEO-b-PSm Star Polymers at the air-water 
Interface: Aggregation and Surface Morphology 
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5.1 Introduction 
 
Functionalized block copolymers are widely studied for their ability to form 
organized micellar aggregates with different morphologies in polymer solutions, bulk state, 
and in thin polymer films at surface and interfaces.1,2  These studies have mainly focused on 
reporting synthesis of block copolymers and the microphase separation of these multi-
component copolymers in bulk 3,4 and sol-gel5 states as well as aggregation properties in 
solution6,7,8, at interfaces,9,10 and surfaces.11  One of the most exploited diblock copolymers 
is non-ionic, polyethylene oxide (PEO)-polystyrene (PS) diblock copolymer.  The properties 
of these PEO-PS copolymers with variable molecular weight and chemical composition 
were widely studied in the terms of their bulk behavior12, phase structures13 and 
morphologies14,15, as well as their micellar structures in water16 and organic solvents of 
different qualities.12,17,18,19  Recent activities have focused on their ability to form stable 
monolayers at the air/water interface transferable to solid surfaces.  The interfacial behavior 
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and microstructure of PEO-PS block copolymers at both air-water and solid-air interfaces 
have been studied during the past few years by different research groups.20, 20,21, 
 
Recent advances in polymerization have allowed the sophisticated synthesis of non-
traditional block copolymers with complex macromolecular architectures extending beyond 
linear diblock copolymers such as grafted, star and multi-armed copolymers, hyperbranched 
and dendritic polymers, dendrimer-like polymers, and star polymers with hyperbranched or 
dendritic fragments attached to the end of arms.22,23,24  These systems are expected to be 
very peculiar in terms of their interfacial behavior and surface properties and differ 
significantly from linear block copolymers due to constraints introduced by the chain 
attachment to a single center.25  In the past years, a number of branched PEO-PS block and 
graft copolymers26, heteroarm (miktoarmed) copolymers,27 multi-armed symmetrical 
copolymers,28,29,30 and Gemini31 and Janus-type32 copolymers have been  synthesized and 
studied.  The miktoarm or heteroarm star polymers were a focus of recent studies.33,34  It has 
been observed that the physical adsorption of miktoarm block copolymers on different 
substrates results in the selective collapse of one type of arms while concurrently inducing 
the extended state of arms of different types.35  Francis et al. demonstrated the formation of 
dense hexagonally packed PS spheres from amphiphilic PEO3-PS3 star block copolymer at 
the air-water interface (Langmuir monolayer) at low (<5mN/m) surface pressure.30,34  For 
higher surface pressures, the formation of PS rods surrounded by PEO regions occurred. 
With confined increase in surface pressure eventually the Langmuir monolayer collapsed.  
Possible scenarios responsible for the restructuring of the monolayer includes initial 
spontaneous aggregation and changing conformation of the PEO chains due to their 
submergence in the water subphase during compression.  A lot of attention in current studies 
has been paid to star block copolymers with symmetrical architecture as with asymmetrical 
architecture tested only on few occasions.  On the other hand, all star block copolymers 
synthesized and studied to date possess “dead” terminal groups (e.g., methyl groups) which 
are not capable of further modification and chemical reactions such as grafting of these 
copolymers to solid substrates and at interfaces.  This kind of interfacial design can be of 
interest for applications where shear stresses are concentrated along the interface.36,37,38   
 
 106 
Here, we focus on the investigation of amphiphilic heteroarm PEO-PS star block 
copolymers of asymmetric type with a variable number of hydrophobic arms with different 
molecular weights.  We report on the interfacial behavior at the air-water interface, surface 
morphology and film microstructure on a solid substrate for two different amphiphilic 
heteroarm star copolymers with three and four arms (see chemical formulas in Figure 5.1a).  
We kept the same length of the hydrophilic block for all copolymers and changed the 
number and the length of the hydrophobic arms.  Unlike the star block copolymers studied 
earlier, our copolymers represent the case of predominantly hydrophobic materials with the 
PEO block playing a role of a hydrophilic anchor.  We expect that under these conditions, 
crowding of the multiple PS chains in the vicinity of a junction point will affect the 
interfacial behavior and will heavily favor the formation of highly curved interfaces, thus, 
circular domain morphology.  Comparative studies of block copolymers with one, two, and 
three PS arms of similar length will allow us to elucidate the role of branching.  The 
synthesis of these star-block copolymers and their bulk structure are described in a separate 
publication. 39 
 
 
Figure 5.1. Chemical formulas of the star-block-copolymers studied in this work with their 
corresponding abbreviations (a) and molecular models (b).  Each model represents the low 
molecular weight specimens.  R is tert-butyldiphenylsilyl (t-Bu(Ph)2Si-) protecting group. 
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5.2 Experimental 
 
Materials.  The amphiphilic heteroarm PEO-b-PS3 and PEO-b-PS2 star-block 
copolymers were synthesized by anionic polymerization of ethylene oxide followed by atom 
transfer radical polymerization (ATRP) of styrene as has been reported previously (Figure 
5.1a).39  These star-block copolymers have different numbers and lengths of PS chains and a 
relatively low polydispersity index as was confirmed by a combination of gel-permeation 
chromatography (GPC), nuclear magnetic resonance (NMR), and arm disassembling 
techniques (Table 5.1).  
 
Table 5.1. Properties of star-block copolymers used. 
GPC data NMR data 
Total Total PEO arm PS arm 
Polymer 
Mn, 103 Mw, 103 PDI Mn, 103 Mn, 103 N φ wt Mn, 103 N 
 
ε 
PEO-b-PS3-1 23.3 27.0 1.16 37.0 7.5 170 0.18 0.20 9.8 94 4.6 
PEO-b-PS3-2 38.2 45.6 1.19 67.0 7.5 170 0.10 0.11 20.0 192 4.3 
PEO-b-PS2-1 19.2 24.8 1.29 25.0 7.1 161 0.26 0.27 8.9 86 3.0 
PEO-b-PS2-2 47.4 54.8 1.18 54.8 7.1 159 0.11 0.13 23.9 230 2.8 
PEO-PS-1 17.8 22.1 1.24 18.5 6.5 148 0.35 0.36 12.0 116 2.2 
PEO-PS-2 35.4 42.4 1.19 38.1 17.3 394 0.43 0.45 20.4 196 1.5 
N is the degree of polymerization, φ is the volume fraction of PEO, wt is the weight fraction of PEO, ε is the 
asymmetry parameter.  
 
Substrate preparation.  The solid substrates were freshly cleaned, atomically smooth, 
[100] silicon wafers of high quality surface with micro roughness not exceeding 0.1 nm 
within 1x1 µm2 surface areas (Semiconductor Processing Co).  These silicon wafers were 
cut in rectangular pieces of ~1×2 cm2 and cleaned to remove any organic and inorganic 
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contaminants from the surface according to the standard procedure.40  Initially, silicon 
wafers submerged in Nanopure water (σ > 18.0 MΩ cm) were treated for 10 min in an 
ultrasonic bath at room temperature.  Next, they were cleaned with a hot “piranha solution” 
(3:1 concentrated sulfuric acid (94%)/hydrogen peroxide (30%), hazardous solution!) for 
one hour to remove organic contaminants and strip the original silicon oxide surface layer.  
Finally, the treated substrates were abundantly rinsed with Nanopure water and dried with 
dry nitrogen stream.  This treatment resulted in a fresh silicon oxide layer of very consistent 
thickness of about 1.2 nm with a high concentration of silanol groups.  Wafer preparation 
was conducted in a Clean room, class 100 to avoid any air contaminations on active 
surfaces. 
 
Sample characterization.  The study of the surface behavior at the air-water interface 
and Langmuir-Blodgett (LB) monolayer deposition of the silicon substrate were conducted 
using an LB trough R&K 1.  The 35-60 µL of dilute polymer solution (concentration of 1 
mg/L and lower) in chloroform (HPLC grade) was deposited dropwise (5-6 uniformly 
distributed locations) onto the Nanopure water surface and left to evaporate and spread for 
30 minutes at 22oC.  The Langmuir monolayer formed was gradually compressed at the rate 
of 100 µm/s to a specific pressure.  The monolayer was held at this pressure to test its 
stability and decompression-compression cycles were repeated to test the reversibility of the 
surface behavior. During the LB deposition, the surface pressure was held constant, as the 
submerged silicon substrate was slowly lifted from the trough.  The LB monolayers were 
deposited onto the silicon substrates at different surface pressures ranging from very low 
(undistinguishable from zero line or “zero” pressure) to very high pressure on the verge of 
collapse.  Two depositions at each specific pressure were performed for each polymer.  The 
deposited LB monolayers were characterized with AFM after drying in a desiccator for 24h.  
 
The effective thickness of the deposited monolayers was measured with a COMPEL 
Automatic Ellipsometer (InOmTech, Inc.) with an incident angle of 70o and a wavelength of 
634 nm according to the well-known experimental procedure. 41a  The average thickness of 
the silicon oxide layer was measured prior to the layers deposition and later used during the 
ellipsometry measurement where the double-layer model was employed to calculate the 
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monolayer thickness.  The refractive indexes used for the layers of amphiphilic copolymers 
were calculated by taking into account the chemical compositions of each copolymer.  The 
refractive index values for different blocks were taken as 1.59 for PS and 1.53 for PEO.41b  
The results were averaged over five independent measurements at different locations on the 
substrate.  The standard deviation of the thickness measured with ellipsometry was 0.1 nm.  
 
The LB monolayers on the silicon substrates were studied with atomic force 
microscopy (AFM) by using Dimension-3000 and Multimode microscopes (both from 
Digital Instruments, Inc.) in the “light” tapping mode in accordance with the usual procedure 
adapted in our lab.42,43 An amplitude ratio of 0.95 and higher was employed to avoid 
damaging the monolayers.44  The scanning was conducted at 1 Hz for surface areas ranging 
from 20x20 µm2 to 500x500 nm2 and for several randomly selected locations with at least 
40 different images collected for each specimen.  The tip radius was measured 
independently using gold nanoparticles as a standard reference and only the sharpest tips 
were selected for scanning.45a  The typical AFM tip radii were between 10 and 30 nm and 
the typical spring constants of these tips were in the range of 40 to 60 N/m.  The domain 
heights were obtained by cross-sectional analysis.  The surface area coverage of domains 
was calculated from histogram using the bearing analysis.45b  Both measurements were 
conducted with the assumption that domains were composed predominantly of PS phase. 
 
Molecular models were built using Materials Studio 3.0.  Energy minimization 
combined with cycles of molecular dynamics were used to build randomly coiled star 
polymers. 
 
5.3  Results and Discussions 
 
Behavior at the air-water interface.  Star copolymers, PEO-b-PS2 and PEO-b-PS3, 
studied here possess the same length of the PEO arm and different lengths of the PS arms 
(Figure 5.1a).  For molecules with shorter PS chains (PEO-b-PS2-1 and PEO-b-PS3-1, Table 
5.1), their overall size (as well as cross-section) in random conformation is slightly smaller 
than that for PEO chains as is visualized by the molecular model (Figure 5.1b).  In contrast, 
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for molecules with longer PS chains (PEO-b-PS2-2 and PEO-b-PS3-2), PS chains form 
random coils with much larger overall dimensions, which completely overshadow the PEO 
chain (Figure 5.1b).  Considering that a strong segregation of the dissimilar chains is 
expected at the air-water interface with PEO chains submerged in water and PS chains 
segregating above the water surface, such different ratios of geometrical dimensions should 
significantly affect their amphiphilic behavior as was initially revealed by pressure-area 
isotherms. 
 
The general shape of the isotherms was a characteristic of classic amphiphilic 
behavior (Figure 5.2a).46  All isotherms showed a steady increasing surface pressure upon 
compression and were reversible up to modest surface pressures.  We did not observe any 
hysteresis of monolayers for the linear diblock PEO-PS-2 or for PEO-b-PS3-1 and PEO-b-
PS2-1 at pressures below the formation of condensed monolayers.  In addition, the 
monolayers were very stable under constant pressure, displaying virtually zero creep 
behavior at all pressures studied here.   
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Figure 5.2. (a) Pressure-area isotherms for the Langmuir monolayers generated from the 
PEO-PS star-block and linear diblock copolymers.  Each polymer is labeled according to 
their molecular weights as determined by NMR.  (b) Compression isotherms normalized to 
the unit area of PS monomer. 
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The shape of the isotherms presented here is similar to the surface-pressure 
isotherms obtained for linear diblock PEO-PS copolymers with relatively low content of 
hydrophilic block.20  The volume fraction for all the star polymers studied here is in the 
range from 10% to 26% (Table 5.1).  A detectable (by our balance value about 0.2 mN/m) 
increase of the surface pressure was observed for areas per molecule below 40-60 nm2, with 
a sharp rise in the surface pressure observed for the surface areas below 20 nm2 indicating 
the formation of the condensed monolayer state above 10 mN/m (Figure 5.2a).  A very long 
range of virtually constant, close to zero, surface pressure was observed for star copolymers 
at low compressions.  The isotherms for PEO-b-PS3-1 and PEO-b-PS2-1 showed some 
evidence of this pseudoplateau.  However, due to the extremely low surface pressures it is 
not easy and directly confirms its presence.  In contrast, for PEO-b-PS3-2 and PEO-b-PS2-2 
star polymers, we did not observe any pseudoplateau on the isotherms due to a low PEO 
content.  This can be an indication of the corresponding intralayer transformation usually 
observed for traditional block copolymers with higher PEO content described in literature.20  
All pressure-area isotherms for star-block copolymers were consistently shifted to higher 
surface areas with increasing molecular weight of the PS arms (Figure 5.2a).  Linear PEO-
PS block copolymers with different PEO content showed behavior similar to that reported in 
literature.  The isotherm shape for this linear block copolymer was a signature of PEO-PS 
amphiphilic copolymers with sufficient amount of PEO block.21  Normalization to the unit 
area of the PS monomer showed significant difference in the isotherms of linear block 
copolymers with different PEO block content indicating controlling role of this block in 
surface behavior (Figure 5.2b).  On the other hand, isotherms for star block copolymers with 
different molecular weights of the PS blocks showed minor differences indicating similarity 
of the surface structures.  The increase in the number of PS arms from two to three resulted 
in a shift of the normalized isotherms pointing to a more spread state of PS arms in the latter 
case. 
 
For diblock PEO-PS copolymers, it was shown that at low surface density the 
hydrophobic PS block collapsed in insoluble, mainly spherical, domains, while the 
hydrophilic PEO block adopted a flattened state with most of the PEO segments forming 
water complexes and coming in contact with the water surface.  It was suggested that this 
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regime is characterized by the pancake–like structure of PEO block with numerous specific 
features to be offered for different amphiphilic block copolymers and for the surface areas 
per molecule in the range of the so-called plateau region (see the isotherm for the linear 
diblock copolymer with higher PEO content in Figure 5.2a).20,47   
 
The surface area per molecule, Ao, for all of the monolayers was calculated by 
extrapolating the steep rise in the surface pressure back to the zero level of the LB isotherms 
was in the range of 11 to 24 nm2 (Table 5.2).48  A1 is the surface area per molecule at the 
lowest distinguishable (<0.2 mN/m) surface pressure, which corresponds to the initial 
formation of a loosely packed monolayer.  The numerical values of Ao, indicating the onset 
of a condensed monolayer formation, differed significantly for the different star-block 
copolymers with increasing values observed for the copolymers with higher molecular 
weight of the hydrophobic PS arms (Figure 5.2a, Table 5.2).  It is expected that at higher 
surface pressure, the PEO block will be completely submerged in the water subphase with 
the steric repulsion between PS blocks becoming the dominating factor in the formation of 
the condensed monolayer.   
 
Table 5.2. Calculated dimensions of PS chains and observed surface areas of the 
heteroarm star polymers. 
Random coiled PS chain Collapsed PS block Experiment Polymer 
Ro, nm Ao/arm, nm2 Ao/total, nm2 Ao/total, nm2 Ao, nm2 Ao/PS unit, nm2 
PEO-b-PS3-1 3.03 28.7 86.2 16.8  21 0.074 
PEO-b-PS3-2 4.64 67.7 203.3 27.2 31 0.054 
PEO-b-PS2-1 2.87 25.8 77.5 13.2 11 0.064 
PEO-b-PS2-2 5.18 84.1 252.5 23.4 24 0.052 
PEO-PS-1 3.56 39.8 39.8 10.8 8.2 0.071 
PEO-PS-2 5.14 83 83 15.0 19.0 0.097 
Ro is the radius of gyration of PS chains in a random coil conformation;Ao/arm is the surface area per arm, 
Ao/total is the surface area all PS blocks, Ao/PS unit is the surface area per PS unit.  
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The effective thickness of Langmuir monolayers transferred on the solid substrate 
was measured at a series of surface pressures in the range of 0 and 25 mN/m (Figure 5.3a).  
The effective thickness increased from 0.3 nm for “zero” pressure to 5 nm for the star-block 
copolymers at the highest pressure.  The increase of the monolayer thickness was consistent 
for all of the star polymers with a systematic shift to higher values for the molecules with 
higher molecular weight of PS arms.  Correspondingly, the surface area per molecule 
measured independently from the isotherms was gradually decreasing with increasing of the 
surface pressure thus keeping the overall volume per molecule fairly unchanged except at 
extremely low surface pressures (Figure 5.3b).  This implies no dramatic change in the 
manner at which the polymer molecules are packed within the monolayer for a range of 
surface pressures from loosely packed to condensed monolayer.   
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Figure 5.3. (a) Variations in the effective thickness of the monolayer, (b) the surface area 
per molecule of the star-block and linear diblock copolymers vs surface pressure, (c) 
variations in the surface area per molecule of the star-block copolymers as a function of total 
molecular weight of PS arms, as determined from their Langmuir-Blodgett monolayers and 
Langmuir isotherms, respectively: PEO-b-PS3-1 (□); PEO-b-PS3-2 (○); PEO-b-PS2-1 (∆); 
PEO-b-PS2-2 (∇); linear diblocks PEO-PS-1 (◊) and PEO-PS-2 (♦).  All lines are drawn as 
guides for an eye. 
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The area per molecule in the compressed monolayer state versus the total molecular 
weight of PS arms for all four star-block copolymers with two and three arms studied here is 
presented in Figure 5.3c.  This data, although very limited in the range covered, can be 
approximated by a power function with the exponent value of 0.76±0.15 that is close but 
higher than the expected 2/3 value for a simple unconstrained increase of the molecular 
volume of spherical domains without changing conformation and density of the molecular 
packing.  This result, although supported by limited statistics, is indicative of the trend seen 
for extended state of the lengthening hydrophobic arms attached to the single joint, unlike 
the usual random coil expansion observed for linear diblock copolymers.  This behavior is 
expected because of crowding of the PS arms near the star junction point as predicted in the 
literature.49  In fact, this behavior was observed for miktoarm PS-PI star copolymers in bulk 
state where the long period increases with increasing number of PS arms.50  This and other 
trends discussed below can be related to space constraints imposed by a common joint point 
of a conformation of the arms in condensed state.  Indeed, the estimation of the surface area 
per PS monomer unit resulted in the values within 0.05 – 0.07 nm2/unit for star polymers 
(Figure 5.2b) as compared to the usual value of about 0.08 - 0.1 nm2/unit for linear diblock 
copolymers and for a linear copolymer studied in this work (Table 5.2).  Considering that 
the surface areas per PS monomeric unit in star-block copolymers was significantly lower 
than that for the linear block copolymer we can conclude that multiple PS chains connected 
to a single joint are closer packed than in linear copolymers.31   
 
Additional insight into the polymer chain conformation can be obtained by 
comparing their dimensions and the experimentally obtained surface area per molecule.21  
We calculated the expected surface areas for both arms assuming either their unperturbed 
conformation or completely collapsed state and compared these values to the experimental 
ones obtained from the pressure-area isotherms for the limiting area of the formation of the 
condensed monolayer (Ao) and the initial stage of the formation of loosely packed 
monolayer (A1) (Figure 5.2a).   
 
The radius of gyration Ro for both PS and PEO chains in a random coil conformation 
was calculated according to:51 52 
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where a is the segment length (Kuhn segment) and N is the number of segments (Tables 5.2, 
5.3).  The number of segments N is calculated according to following equation: 
 
N=Nt/ns   (2) 
 
where ns is the number of monomer units in one Kuhn segment and Nt is the number of 
monomer units in the polymer chain.  The literature data used for the two blocks: for PS: 
a=1.69 nm and ns=6; for PEO: a=0.77 nm and ns=2.53  The molecular volumes of PS and 
PEO chains were calculated from known molar values for the bulk state54,55 and the 
corresponding occupied areas were calculated assuming a spherical shape at the air-water 
interface. 
 
The comparison of chain dimensions with the limiting surface area per molecule in 
the condensed state shows that the experimental area per molecule in condensed state was 
much lower than that calculated for the undisturbed PS chains (Table 5.2).  However, these 
values are reasonably close (within ±20%) to the areas per molecule calculated from the 
molecular volume of the collapsed PS chains (Table 5.2).  The collapsed state of the 
hydrophobic blocks of amphiphilic block copolymers exposed to the air was expected.56  
This is a clear confirmation of the predominant role of the PS chains in the formation of the 
condensed monolayer of star-block copolymers as is widely recognized for linear block 
copolymers.  It is also confirmed by computational modeling of the star polymers (Figure 
5.1b).   
 
The observed dimensions of the PEO chains remain virtually unchanged for all star-
block copolymers due to similar molecular weight (Table 5.3).  It is clear from this 
evaluation that the PEO chains in undisturbed conformation should occupy much larger 
surface area than that observed experimentally for the condensed monolayers.  On the other 
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hand, this area was fairly close to that observed for the onset of the initial stages of the 
formation of the loose monolayer (Table 5.3).  Moreover, the calculated surface area per 
PEO unit for all star-block copolymers is within 0.23-0.33 nm2, which is close to the surface 
area estimated for the PEO monomeric units oriented at the water surface and hydrogen-
bonded with 1-3 molecules of water (0.28 nm2 for the PEO monomeric unit with two water 
molecules).57  Thus, we suggest that for the star-block copolymers studied here the onset of 
the formation of the monolayer at the air-water interface is determined by the initial 
interaction of the hydrated PEO chains spread at the water surface around collapsed PS 
domains similar to conventional linear block copolymers.  Accordingly, in the condensed 
monolayer state, the PEO chains should become desorbed from the air-water interface and 
stretched in the vertical dimension to adopt the brush conformation controlled by the 
diminishing surface area from the compression of PS domains as was suggested for 
conventional linear block copolymers.   
 
Table 5.3. Calculated dimensions of PEO chains and observed surface areas of the 
heteroarm star polymers. 
PEO block Experiment Polymer 
Ro, nm Ao, nm2 Ao, nm2 Ao/PEO unit, nm2 
PEO-b-PS3-1 4.52 64.16 56 0.33 
PEO-b-PS3-2 4.52 64.16 48 0.28 
PEO-b-PS2-1 4.34 60.11 36 0.23 
PEO-b-PS2-2 4.34 59.21 48 0.30 
PEO-PS-1 4.02 50.77 12 0.08 
PEO-PS-2 6.61 132.26 57 0.15 
Ro is the radius of gyration of PEO chain in a random coil conformation.   
Ao is the theoretical total surface area of PEO chain, Ao/PEO unit is the surface area per PEO unit. 
 
Morphology of Langmuir-Blodgett (LB) monolayers at the solid-air interface.  
Langmuir-Blodgett transfer of these monolayers onto a solid substrate allows a detailed 
characterization of their morphology.  It has been demonstrated that the morphology of 
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amphiphilic organic materials in their monolayer state is usually preserved during this 
transfer under the optimal transfer conditions, thus a close similarity between Langmuir and 
LB monolayers is usually postulated.58  However, comparison of the PS domain heights and 
the overall thickness of the monolayer showed the thickness of the PEO phase in condensed 
monolayers varying from 0.6 to 1.7 nm depending upon the surface pressure and the types of 
polymer.  Considering that the diameter of coiled PEO chains is close to 9 nm we can 
conclude that the hydrophilic chains facing the hydrophilic surface after transfer to a solid 
substrate are spread very thin beneath the hydrophobic domains, covering the vast majority 
of the surface area.  The number of star molecules within these domains was estimated to be 
within several hundred for low molecular weight star-block copolymers but increased to 
1000-2000 for higher molecular weight star-block copolymers.  For two linear PS-PEO 
block copolymers studied here (Table 5.1), we observed circular (dot) surface morphology 
at low surface pressure, which can be transformed to cylindrical morphology at higher 
pressures (not shown).  However, the PEO content is systematically higher in these linear 
analogs despite the length of the PEO block in PEO-PS-1 is similar to that star block 
copolymers.   
 
Morphology of LB monolayers at “zero” surface pressure.  The AFM images of the 
LB monolayers transferred onto the solid substrate were used to study their morphology at a 
series of surface pressures representing the different stages of the monolayer formation 
during compression at the air-water interface.  Considering that even modest monolayer 
compression results in instantaneous segregation of hydrophilic and hydrophobic blocks in 
block copolymers we paid a special attention to finding “pre-segregated” or “gas” state by 
adjusting the amount of the material deposited at the air-water interface (surface area 
available for molecule spreading) and lowering surface pressure below any detectable level 
(so called “zero” pressure).  Sheiko et al 59 and Lord et all 60 deposited monolayers of brush 
molecules on a solid substrate using LB technique at different surface pressure including the 
“gas” state, seeing individual molecules with a large spacing between them.  Individual 
domains from fatty acids not forming continuous monolayers have been also deposited on a 
solid substrate in the “gas” state.61 
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For both three- and four-arm star polymers with different molecular weights we 
succeeded in transferring a very thin monolayer without clear detectable segregated domain 
structure (see examples of surface morphologies in Figure 5.4).  In this state, the monolayer 
looks uniform with very minor variations of topography and a low effective thickness close 
0.3 nm and microroughness below 0.4 nm.  No signs of well-defined domain morphology 
are observed at this stage at high resolution, although a random network of surface 
corrugations on a scale of below 50 nm can be seen in both topographical and phase images.  
Further treatment of these surfaces with a bad solvent for PS block (water) results in 
significant surface roughening and the appearance of poor-defined random domain 
morphology with the height of the elevated areas about 1 nm.  Thus, we conclude that under 
the conditions where a loose packing and exceeding surface are available for star molecules, 
they spread over the surface forming a surface layer in a “gas” state.  However, this state of 
the spread molecules is spontaneously converted into the segregated state with 
heterogeneous domain morphology under very minute compression that probably explains 
the widespread belief that amphiphilic block copolymers of this type always spontaneously 
segregate at the air water interface.  
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Figure 5.4. AFM images of the LB monolayers of amphiphilic heteroarm star PEO-b-PS3-1 
(a) and PEO-b-PS3-2 (b) polymers deposited at 0 mN/m surface pressure (topography (left) 
and phase (right)).  Scan size for: a) 1 x 1µm2, height scale is 3 nm, and phase scale is 10o; 
b) 1 x 1µm2, height scale is 10 nm, and phase scale is 20o.   
 
Morphology of LB monolayers from four-arm molecules in segregated state.  As was 
mentioned above, a very slight increase of the surface pressure beyond the lowest detectable 
limit (typically to 0.3 - 0.7 mN/m) result in the formation of highly segregated domain 
morphology.  The domain morphology is consistently observed when the area per molecule 
decreases to about 50 nm2 (Figure 5.2a, Table 5.3).  This compression results in the 
formation of a well-developed morphology with circular domains (see representative images 
in Figures 5.5-5.8).   
a) 
b) 
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 PEO-b-PS3-1 a) 
b) 
 PEO-b-PS3-2 c) 
d) 
 
Figure 5.5. AFM images of the LB monolayers of amphiphilic heteroarm star PEO-b-PS3-1 
and PEO-b-PS3-2 polymers deposited at 0.7 mN/m surface pressure (topography (left) and 
phase (right)).  Scan size for: (a) and (c) 1 x 1µm2, height scale is 5 nm, and phase scale is 
10o; (b) and (d) 5 x 5µm2, height scale is 15 nm; and phase scale is 25o. 
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At relatively low surface pressures, PEO-b-PS3-1 copolymer with lower molecular 
weight of the PS arms forms small circular domains with uniform dimensions.  In the same 
pressure range, PEO-b-PS3-2 star copolymer with higher molecular weight forms 
predominantly circular domains with widely variable lateral dimensions due to partial 
coalescence (Figure 5.5).  The effective thickness of the monolayer reaches 1.5 nm for PEO-
b-PS3-1 with the height of individual domains close to 3 nm (Figure 5.9).  For the four-arm 
star polymer with higher molecular weight of PS arms the thickness increases even higher, 
to 2.5 nm, and the height of the individual domains approaches 6 nm.  The predominant 
structural element at all surface pressures are round, relatively uniform circular two-
dimensional micelles with diameter ranging from 40 nm to 150 nm with occasional 
diameters of coalesced domains reaching 500 nm.  The modest compression of the 
monolayer results in increasing packing density of circular domains to above 50% and their 
heights to 2-6 nm without significant changes in their lateral dimensions (Figure 5.9).  
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 PEO-b-PS3-1 a) 
b) 
PEO-b-PS3-2 c) 
d) 
 
Figure 5.6. AFM images of the LB monolayers of amphiphilic heteroarm star PEO-b-PS3-1 
and PEO-b-PS3-2 polymers deposited at 10 mN/m surface pressure (topography (left) and 
phase (right)).  Scan size for: (a) and (c) 1 x 1µm2, height scale is 5 nm, and phase scale is 
15o; b) and (d) 5 x 5µm2, height scale is 10 nm; and phase scale is 10o. 
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It is worth noting, that all images presented here were collected far from the edges of 
the substrate to avoid additional influence caused by water flow, meniscus, and the drying 
front on the monolayer morphology.  As is known, for relatively stiff monolayers the surface 
morphology is uniform across the whole surface area including those located at the edges.  
However, for compliant polymer monolayers these contributions can, to a great extent, 
affect the alignment and the appearance of the domain structure causing such widely 
observed phenomena as texturing, biphasic morphology, wrinkles, and foldings.58,62  Thus, 
we tested the uniformity of the surface morphology observed and its consistency over the 
whole surface area beyond the central portion of the substrate.  As can be seen from several 
representative images collected along the substrate edges (Figure 5.10), a complex texture of 
highly oriented lamellar structures, coexistent biphasic regions, superimposed circular and 
multi-lamellar structures, and quasi-rectangular shaped domains all can be found along the 
edges of the substrates and along the contact line.  The appearance of these morphologies is 
controlled by local transfer/flow/drying conditions within the selected surface areas.63  
These possible contributions should be carefully taken into account in the course of the 
analysis of the surface morphology of these very mobile and compliant monolayers.  These 
perturbances can be avoided to a great degree by lowering the transfer speed and conducting 
scanning far from the substrate edges.64   
 
 
a)  b) 
 
Figure 5.7. Topography images of the LB monolayers of amphiphilic heteroarm star PEO-
b-PS3-2 deposited at 20 mN/m (a) and 30 mN/m (b) surface pressure. Scan size for: 10 x 
10µm2, height scale is 10nm. 
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a) b)
) 
 
Figure 5.8. Topography images of the LB monolayers of amphiphilic heteroarm star PEO-
b-PS3-1 deposited at 20 mN/m (a) and 30 mN/m surface pressure (b).  Scan size is 2 x 2µm2; 
height scales are 5nm and 10 nm, respectively. 
 
The increase of surface pressure above 10 mN/m leads to the formation of the 
condensed monolayers with the PS chains well separated and stretched out of interface.  
Correspondingly, a minor increase of the domain heights accompanied with the gradual but 
slow increase of the surface coverage was observed (Figure 5.7 and 5.8).  The surface 
coverage with circular domains estimated from the AFM images with the correction for tip 
dilation (when measurements were technically possible) increased gradually to 60-70% 
(Figure 5.9a).  This constituted the highest possible limit of 2D packing of circular domains 
leaving very limited “free surface”. 65  In some surface areas for the PEO-b-PS3-2 
copolymer, a partial coalescence of small circular domains into large dense circular areas of 
several hundred nanometers across was observed with smaller domains still preserving their 
identity within these areas (Figure 5.8).  The highest surface coverage was observed for the 
four-arm star polymer with higher molecular weight, PEO-b-PS3-2 (Figure 5.7).   
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Figure 5.9. Variations in the surface area coverage (a) and heights (b) as a function of the 
surface pressure: PEO-b-PS3-1 (□); PEO-b-PS3-2 (○); PEO-b-PS2-1 (∆); PEO-b-PS2-2 (∇); 
linear diblocks PEO-PS-1 (◊) and PEO-PS-2 (♦).  All lines are drawn as guides for an eye. 
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a) b) 
c)
) 
d) 
 
Figure 5.10. Topography images of the LB monolayers of amphiphilic heteroarm star PEO-
b-PS3-2 scanned at different locations along the edges and the contact lines of the silicon 
wafer at 5 mN/m surface pressure (a): the scan size is 10 x 10µm2, height scales are 10nm; at 
30 mN/m surface pressure (b), scan size is 2 x 2µm2, height scales are 15nm. c) and d): 
heteroarm star PEO-b-PS2-2 deposited at 10 mN/m surface pressure, the scan size is 20 x 
20µm2 (c) with 10nm height scale, and 10 x 10µm2 (d), height scale is 5 nm. 
 
Morphology of LB monolayers from three-arm star molecules in the segregated 
state.  The surface morphology was observed for the three-arm star polymers with different 
molecular weights of the PS arms (Figures 5.11).  At low surface pressure barely exceeding 
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the lowest limit of detection, the low molar weight three-arm polymer PEO-b-PS2-1 showed 
well-developed circular domain morphology with very uniform heights of 1-2 nm and lateral 
dimensions of 30 - 50 nm.  Lateral dimensions increased for PEO-b-PS2-2 with higher 
molecular weight reaching 40-70 nm at low surface pressure (Figure 5.5 and 5.6).  The 
domains showed a large variability in lateral dimensions.  General trends in variation of the 
monolayer thickness, domain heights, and surface coverage for this three-arm star-block 
copolymer followed that discussed for four-arm star polymers, as can be seen in the 
summary plots (Figures 5.3 and 5.9).  Apparently, all parameters of surface morphology 
correlate well with the overall molecular weight of the PS blocks.  However, one noticeable 
exception is the transformation of the surface morphology of three-arm block copolymer 
with low molecular weight from circular to cylindrical domain structure at elevated surface 
pressure, on the onset of the formation of the condensed monolayer.   
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b) 
c)  
e) 
f) 
a) PEO-b-PS2-1 
 
d) PEO-b-PS2-2 
 
Figure 5.11. Topography images of the LB monolayers of amphiphilic heteroarm star PEO-
b-PS2-1 (a, b and c) and PEO-b-PS2-2 (d, e and f) polymers deposited at the following 
surface pressures: 5 mN/m (a and d), 10 mN/m (b and e) and 20mN/m (c and f). The scan 
size is 2 x 2µm2; the height scale is 5nm. 
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5.4 General discussion. 
 
The theoretical consideration of the role of the asymmetrical architectures of diblock 
copolymers on the bulk microstructure showed that the presence of the multiple arms of one 
type causes their stretching away from the interface and curving of the interface. 66  This 
resulted in the effective shift of the boundary lines separating different morphologies on a 
phase diagram expressed in terms of the asymmetry parameter, ε, and the volume fraction 
(Figure 5.12):67  
 
ε = (NA/NB) (VAR2B/VBR2A)1/2   (3) 
 
where N, V, and R a number, volume, and the end-to-end distance of A or B arms, 
respectively.  This theory predicts that adding new arms while keeping the overall 
composition unchanged should result in transformation from lamellar->cylindrical-
>spherical morphology due to the stabilization of a more curved interface in the presence of 
the one-sided multiple arms.  Such trends, although not confirmed quantitatively, are 
generally observed for the solid state of star-block copolymers. 68 
 
SphPEO    CylPEO  DGPEO  Lam  DG 
Cyl 
Sph 
 
Figure 5.12. Top: Milner’s phase diagram for the morphologies of An-Bm asymmetrical 
block copolymers adapted from that reported in the literature.67  The asymmetrical 
parameters calculated for the linear and heteroarm star PEO-PS block copolymers are 
represented as follows: PEO-b-PS3-1 (▲); PEO-b-PS3-2 (■); PEO-b-PS2-1 (●); PEO-b-PS2-
2 (♦); hypothetical linear diblock PEO-PS copolymers with the same composition as the 
PEO-b-PS2-1 (►) and PEO-b-PS2-2 (◄).   
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We suggest that the star-block copolymers considered in this paper follow the same 
trend predicted for the bulk state of asymmetrical star-block copolymers because the general 
conditions for packing of different blocks in two-dimensional states are similar to that 
existing in three-dimensional cases.69  Under this assumption, we estimated the asymmetry 
parameter for star-block copolymers studied here and observed that their values are deeply 
“buried” in spherical (circular for two-dimensional state) shape territory far from the border 
between spherical and cylindrical morphologies (Figure 5.12).  Unlike linear diblock 
copolymers with identical chemical composition, which are close to the border line between 
spherical and cylindrical structures (Figure 5.12).  Thus, a linear architecture for similar 
block copolymers would favor less curved interfaces making them more prone to the 
transformation from initial circular shape to cylindrical morphology during compression.  
The presence of the air-water interface and the segregation of PS chains across this interface 
complicate the situation (Figure 5.13).  Segregation across the interface favors strongly 
curved, convex shapes of PS domains as illustrated in Figure 5.13.  However, in-plane 
segregation of PS chains and surface-anchored PEO chains makes two-dimensional circular 
shape less stable providing conditions for inverse circular micelle formation (Figure 5.13).  
Overall balance of these different trends could result in a variety of interfacial scenarios 
different from those expected for di-block copolymers.   
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Figure 5.13. Top: schematics of the chain behavior for linear diblock copolymer (left) and 
star block copolymer (right) at air-water interface, side-view. Bottom: corresponding top-
view of less-favorable circular domain structure (left) and more favorable inverse circular 
domain structure with PEO chains surrounded by PS phase (right). 
 
The details of the monolayer microstructure of PEO-PS block copolymers depend 
strongly upon the fabrication conditions, chemical architecture, and chemical composition as 
debated in a number of recent publications.64,63  Although, it is clear that the general trend in 
the formation of the interfacial morphology for star-block copolymers studied here is similar 
to that reported before for conventional linear block copolymers, here we will discuss 
several distinguished features which we believe could be attributed to the peculiar 
architecture of these star-shaped molecules.  Several recent studies dealing with PEO-PS 
copolymers with a composition similar to that studied in this paper are relevant for this 
discussion.  
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A different star architecture but with molecular weight and chemical composition 
similar to the star polymers studied here was considered by Francis et al.34  The authors 
showed that initially formed hexagonal pattern of the PEO3-b-PS3 star copolymer with 
Mn=30,000 and wtPEO around 20% changed to rod like structure upon compression at 
surface pressure around 5mN/m.  Further increase of the surface pressure led to denser 
packing of newly formed rod-like domains with final collapse of the monolayer around 30 
mN/m.   
 
Baker and Devereaux using linear PEO-PS block copolymers with total molecular 
weight between 200,000 and 375,000 (wtPEO between 15% and 92%) showed that PEO-PS 
block copolymers with greater than 10% PEO formed only dot-like domains with small size 
and spacing which was controlled by deposition pressure.  However, very high molecular 
weights of these block copolymers (10 times higher than for those studied in our work) 
suggested stronger segregation behavior than that characteristic for our block copolymers.  
For a copolymer with a slightly lower molecular weight that was closer to that of our 
compounds (total molecular weight of 51,300 and PEO weight fraction of 7%)63 several 
different types of surface structures including dots, spaghetti, and rodlike micelles were 
observed as a result of different spreading concentrations and deposition conditions.  All 
films were deposited at relatively low surface pressures between 0.3 and 10mN/m.  At a 
surface pressure of 10mN/m, a phase transition occurred as the PEO chains begin to form 
brushes.  However, no results were discussed on the film morphology at surface pressures 
higher than 10mN/m. 
 
Several linear PEO-PS block copolymers which can be directly compared with our 
star copolymers have been studied by Cox et al, who used PEO-PS block copolymers with 
total molecular weight between 14,300 and 24,000 and PEO content between 7% and 24%. 
They have been shown that PEO-PS copolymers (Mw=17,136 with wtPEO=24% and 
Mw=27,332 with wtPEO=18%) formed monolayer films with hexagonal ordered dot-like 
morphology.  In contrast, a PEO-PS copolymer (Mw=14,320) with lower PEO content 
(9.2%) formed rod-like aggregates and another block copolymer with even lower PEO 
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content (Mw=23,988, wtPEO=6.8%) displayed spaghetti-like surface morphology as was 
confirmed by TEM and AFM studies.   
 
Therefore, except in the case of PEO-PS block copolymer with extremely high 
molecular weight of both blocks, all credible studies for linear PEO-PS block copolymers 
with modest molecular weights (below 50,000) and low content of the PEO phase (below 
24%) have shown that they are capable of forming a variety of surface morphologies as 
controlled by deposition conditions even for low surface pressures.  In contrast, the surface 
behavior is very different for the asymmetric PEO-PS star block copolymers studied here 
where both architecture and chemical composition heavily favor the formation of highly 
curved interfaces.  For the range of molecular weights studied here (Mn = 19,000-47,000) 
and PEO content (11-26%), star block copolymers formed stable circular morphology, 
which was preserved to high surface pressures with signs of circular-cylindrical 
transformation only observed for the highest pressures in star block copolymer with two PS 
arms.  Increasing the number of PS arms to three stabilized the circular morphology of the 
monolayer while compression up to the pressures in the vicinity of the monolayer collapse.  
This trend can be associated with crowding state of the PS chains tethered to a single joint 
point as well as with a thermodynamically more stable curved shape of the interface in 
asymmetrical star-block copolymer as compared to a similar linear block copolymer. 
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Chapter 6 
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of Terminal Groups in Surface Behavior and Morphology 
 
A paper published in Macromolecules (2005, 38, 8765-8774)∗ 
 
R. Gunawidjaja, S. Peleshanko,♦ V. V. Tsukruk  
 
Department of Materials Science and Engineering, Iowa State University, Ames, IA 
50011,  
 
6.1 Introduction 
 
Novel macromolecular architectures such as highly-branched and star-shaped block 
copolymers have been found to exhibit novel aggregation behavior1,2,3,4,5 and complex 
intramolecular interactions6 in solution, surfaces, and interfaces.7,8,9,10,11,12,13,14  Unique 
morphologies were found in branched and star block copolymers that were not observed for 
linear block copolymers.15,16,17,18,19,20  At the air-water interface, the behavior of star-shaped 
copolymer is qualitatively identical to linear systems; the hydrophobic chain collapses into 
globules while hydrophilic chain spreads out to form pancake structure.21,22  At high surface 
pressure, nonetheless, recent studies showed that crowding of hydrophobic PS chains at a 
single junction point in asymmetric heteroarm PEO-b-PSm star polymer increased circular 
micellar stability.23,24  
 
                                                 
∗
 Reproduced with permission from Macromolecules 2005, 38 (21), 8765-8774. Copyright 2005 American 
Chemical Society 
♦ S.P.: Assistant researcher, carried out some synthetic and characterization procedures, an assistant writer of 
all drafts, revised final figures 
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Recent studies have extended towards more sophisticated copolymer architectures 
ranging from H-shaped, π-shaped,25,26 Vergina-star,27 dumbbell-shaped,28 ABC star-
shaped,29 and dendrimer-like star block copolymer30 motivated and made possible by recent 
rapid development in controlled living polymerization (CLP) techniques.31  Auxiliary to 
being amphiphilic, these copolymers can contain multiple junction points and degree of 
branching, can be symmetrical or asymmetrical, and can contain multiple types of functional 
terminal groups.  In order to obtain polymers with such architectural intricacy, combining 
two or more polymerization techniques is required.  This approach often leads to polymers 
with dissimilar end-functional groups whose influence is often overlooked in the subsequent 
study. 
 
A number of studies have shown that end-functionalized homopolymers and block-
copolymers composed of a combination of hydrophobic and hydrophilic terminal groups 
have self-assembling ability.32,33  Hydrophobic alkane (C12 and C16) terminal groups 
attached to hydrophilic chains act as a constraint confining the end(s) at the surface, hence 
reducing the solubility in water.34  The effect of the nature of terminal groups (hydrophobic 
or hydrophilic) on the aggregation of PEO homopolymers in solution has also been studied 
by small-angle neutron scattering (SANS).  It was found to be significant even if it occupies 
only a small volume fraction (<0.1%).  For instance, hydrophobic methoxy (-O-CH3) 
terminal groups affected the clustering of PEO, and the opposite was observed for 
hydrophilic hydroxyl (-OH) functionalized PEO chains.35  Compared to junction point 
functionalization, terminal functionalization was found to result in larger aggregates due to 
stronger excluded volumetric effect.36  Different peripheral functional groups: proton (H), 
methyl (CH3), tert-butyl dimethyl silane (TBDMS) and hydroxyl (OH) attached to 4,6-bis(6-
(2-2’-bipyridyl))pyrimidine resulted in notable changes in the mean molecular area (MMA) 
(also known as surface area per molecule) at the air-water interface.  E.g., functionalization 
with bulky TBDMS groups showed the largest MMA i.e. about 3.5 nm2 versus only about 
1.5 nm2 for proton functionalized 4,6-bis(6-(2-2’-bipyridyl))pyrimidine.33  Theoretical 
calculation for PEO chain conformation in aqueous solution showed that the effect of the 
terminal groups remains noticeable for molecular chains up to 250-500 monomer units long 
(molecular weight ca. 10,000-20,000).37  
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The surface behavior of amphiphilic copolymers at the air-water interface had been 
explored largely for various chemical architectures, such as AB, AnBn, AnBm and (AB)n as a 
function of chain lengths and compositions,38,39,40,41,42 surface pressure,43 temperature ,39 
film thickness44 and nature of the terminal groups.45  These structures are commonly 
visualized with atomic force microscopy (AFM) or transmission electron microscopy 
(TEM).  Depending upon whether the hydrophilic or the hydrophobic segment is dominant, 
a range of surface microstructures is usually observed for these amphiphilic copolymer 
systems. This includes ordered circular domains, randomly oriented spaghetti-like or 
lamellar morphology, mixed morphologies and planar surface structures.  By changing the 
nature of the terminal groups in amphiphilic block copolymer (PS-b-PVP/RX) with R=C1 to 
C15 and X=I and Br, Zhu et al demonstrated that the surface morphology of diblock 
copolymer is determined by the solubility of the hydrophilic chains.45  Comprehensive study 
had been undertaken by Fauré et al on the structure and phase transitions of PS-PEO diblock 
copolymer monolayers at the air-water interface for variable PEO chain lengths.46 
 
It can be concluded that the changes in surface microstructure obtained through 
variation in chemical architecture, chain length, composition, surface pressure, temperature 
and terminal group are merely the different ways of changing the arrangement of the 
hydrophilic chains at the interfaces.  If the hydrophilic chains are not easily submersible in 
water phase, circular domains are formed.  Decreasing dominance of hydrophilic chains 
leads to lamellar, mixed, and eventually planar microstructures.  However, the role of the 
hydrophobic chain arrangement in determining the surface microstructure is not clearly 
understood.  To date, surface studies on amphiphilic copolymers with variable terminal 
groups have mainly been limited to linear systems, and no studies had yet been reported on 
the affect of the terminal groups attached to different arms of amphiphilic heteroarm star 
copolymers.  
 
In this work, we investigate the role of different terminal groups for both the 
hydrophilic and hydrophobic arms of A2B2 heteroarm star copolymer.  We focus on four-
arm star copolymer (X-PEO)2-(PS-Y)2 introduced in our recent studies.23,24  We report 
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chemical modification of these star copolymers and discuss their surface behavior at the air-
water interface and the surface microstructure on a solid surface.  
 
6.2 Experimental 
 
Materials.  Using 2,2-dimethyl-5,5-bis(hydroxyl methyl)-1,3-dioxane as a core, 
amphiphilic heteroarm PEO2-PS2 star copolymers were initially synthesized by growing two 
PEO arms by anionic polymerization of ethylene oxide, which was then terminated with 
tert-butyl diphenyl silane (TBDPS) protecting group.  Two polystyrene arms were then 
grown by atom transfer radical polymerization (ATRP) to make star copolymer (TBDPS-
PEO)2-(PS-Br)2 (1), shown in Scheme 6.1.  The detailed synthetic procedure for PEOn-PSm 
heteroarm star copolymers used here is described earlier.47  These star-block copolymers 
possess a low polydispersity index, as confirmed by gel-permeation chromatography (GPC) 
and nuclear magnetic resonance (NMR) (Table 6.1).*  Hydrodynamic behavior of star 
copolymers in GPC measurement is responsible for the substantial difference in the 
measured molecular weight values with respect to those measured by NMR.48  Chemical 
modification of polymer 1 yields a range of the 4-arm amphiphilic star copolymers (X-
PEO)2-(PS-Y)2 with different terminal groups, X and Y (Figure 6.1).  Table 6.2 shows the 
different combinations of terminal groups employed in this study.  Here, “+” and “-” 
notations are used to assign the hydrophilic and hydrophobic groups or chains, respectively.  
To simplify the notation, we use a shorter abbreviation (X)2-S-(Y)2 with S standing for the 
star core and X and Y standing for different types of terminal groups (two groups for each 
type of arms).   
                                                 
*
 In the molecular weight calculation using proton NMR, TBDPS group was used as the reference peak 
highlighted in gray in Table 1.  Without the TBDPS reference peak, molecular weights of the rest of the 
polymers are assumed to be the identical.  
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Scheme 6.1. Synthesis of (Br-PS)2-(PEO-TBDPS)2 
 
Table 6.1. Properties of heteroarm star block copolymers. 
NMR Data 
GPC data 
PEO arm PS arm No. Polymer 
Mn, 103 Mw, 103 PDI Mn, 103 N φ Mn, 103 N 
Total   
Mn, 103 
1 (Br-PS)2-(PEO-TBDPS)2 14 18 1.31 7.5 170 0.32 14 135 43 
2 (Br-PS)
 2-(PEO-OH)2 17 20 1.20 7.5 170 0.32 14 135 43 
3 (Br-PS)
 2-(PEO-COOH) 2 17 20 1.18 7.5 170 0.32 14 135 43 
4 (NH2-PS)2-(PEO-TBDPS)2 19 23 1.22 7.5 170 0.32 14 135 43 
5 (NH2-PS)2-(PEO-OH)2 17 21 1.22 7.5 170 0.32 14 135 43 
6 (NH2-PS)2-(PEO-COOH)2 16 19 1.20 7.5 170 0.32 14 135 43 
 
Mn is number average molecular weight, Mw is weight average molecular weight, N is number of monomeric 
units, and φ is a volume fraction of PEO block. 
 
The discussion in organized in the following manner: the hydrophobic PS chains of 
polymer 1, 2 and 3 are functionalized with hydrophobic Br functional groups, while the 
hydrophilic PEO chains are functionalized with hydrophobic TBDPS, hydrophilic OH and 
hydrophilic pH sensitive COOH functional groups.  On the other hand, the hydrophobic 
chains of polymer 3, 4 and 5 are functionalized with hydrophilic, pH sensitive amine 
functional groups, and the hydrophilic PEO chains are functionalized again with 
hydrophobic TBDPS, hydrophilic OH, and pH sensitive hydrophilic COOH functional 
groups (Table 6.2).   
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Figure 6.1. Chemical structure of 4-arm (X-PEO)2-(PS-Y)2 heteroarm star copolymers. 
 
Table 6.2. List of functionalized (X-PEO)2-(PS-Y)2 heteroarm star copolymers. Plus 
(+) is hydrophilic and minus (-) is hydrophobic. 
No. Polymer Abbreviations Notation 
1 (Br-PS)2-(PEO-TBDPS)2 (Br)2-S-(TBDPS)2 - - + - 
2 (Br-PS)2-(PEO-OH)2 (Br)2-S-(OH)2 - - + + 
3 (Br-PS)2-(PEO-COOH) 2 (Br)2-S-(COOH)2 - - + + 
4 (NH2-PS)2-(PEO-TBDPS)2 (NH2)2-S-(TBDPS)2 + - + - 
5 (NH2-PS)2-(PEO-OH)2 (NH2)2-S-(OH)2 + - + + 
6 (NH2-PS)2-(PEO-COOH)2 (NH2)2-S-(COOH)2 + - + + 
 
Chemical modification of terminal groups.  Scheme 6.2 summarizes the synthetic 
procedures as described in literature and presented briefly here.  The treatment of polymer 1 
(0.0154 mmol, 630 mg) with 1M tetrabutylammonium fluoride, TBAF (1.54 mmol, 401.8 
mg), in THF (25 mL) overnight gives polymer 2.49  1H-NMR spectra demonstrate successful 
removal of TBDPS protecting group as indicated by the disappearance of peak a and b in 
Figure 6.2a.   
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Scheme 6.2. Synthetic path for functional group modification of (Br-PS)2-(PEO-TBDPS)2 
and conditions: (a) TBAF/THF; (b) azidation by NaN3/DMF; (c) P(Ph)3/THF; (d) hydrolysis 
by H2O/THF (e) succinic anhydride, DMAP/pyridine. 
 
Polymer 2 (0.00266 mmol, 209 mg) was reacted overnight with succinic anhydride 
(0.053 mmol, 5.3 mg) in the presence of 4-dimethylaminopyridine, DMAP (0.00260 mmol, 
0.32 mg), in pyridine (1.5 mL) to give polymer 3.50,51  The succinic acid anhydride signal is 
notated by letter i in Figure 2b.  1H-NMR spectrum of (Br)2-S-(TBDPS)2, and 1H-NMR 
spectrum of (Br)2-S-(COOH)2 (δ, ppm, CDCl3): 7.3-6.3 (m, 20H, aromatic), 3.6 (s, 4H, 
(CH2CH2-O)n, PEO block), 1.32 ppm (s, 6H), 1.05 (s, 18H, C(CH3)3), 2.5-2.7 (t, succinic 
acid). “x” are solvent signals. 
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The bromine functional groups of polymers 1 through 3 were each converted into 
amine groups in three steps to give polymers 4, 5 and 6 respectively, according to the 
procedure described in literature.52  The transformation of the bromine group into azide (N3) 
and further to triphenylphosphine group was confirmed by the presence of a peak at about 
33 ppm in 13P-NMR spectrum, Figure 6.2c.  The signal for non-chemically bonded 
triphenylphosphine occurs at about -10 ppm.  The absence of a peak at 33 ppm following 
hydrolysis of triphenylphophine group yields amine functional groups.  13P-NMR of (NH2)2-
S-(OH)2 (δ, ppm, CDCl3): -4.4 (s, triphenyl phosphine) and 30.5 (s, chemically bonded 
triphenyl phosphine).  Purification of the polymers at every stage was done by precipitation 
in methanol that resulted in an average yield of 65 to 75%.   
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Figure 6.2. (a) (Br)2-S-(TBDPS)2; (b) 1H-NMR spectrum of (Br)2-S-(COOH)2, and (c) 13P-
NMR of ((Ph)3P=N)2-S-(OH)2 and P(Ph)3; “x” are solvent peaks. 
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Substrate Preparation.  High quality and freshly prepared silicon oxide surfaces of 
[100] silicon wafers (Semiconductor Processing Co.) were obtained through chemical 
etching according to the procedure adapted in our lab.53  These wafers were chemically 
treated to remove any organic and inorganic contaminants from the surface according to the 
standard procedure: first, the wafers cut into rectangular pieces (1.5 x 1.5 cm2) were 
submerged in Nanopure water (σ > 18.0 MΩ cm-1) and sonicated for 10 minutes at a room 
temperature.  Next, they were treated with “piranha solution” (30% concentrated hydrogen 
peroxide, 70% concentrated sulfuric acid, hazardous solution!) for 2 hrs to remove organic 
contaminants and to strip the original silicon oxide surface layer.  Finally, the substrates 
were abundantly rinsed with Nanopure water and dried with nitrogen stream.  This treatment 
resulted in a fresh silicon oxide layer with a consistent thickness of about 1.2 nm with a high 
concentration of silanol groups.  Wafer preparation was conducted in a clean room, class 
100, to avoid any air contaminations on active surfaces.  The surface microroughness did not 
exceed 0.1 nm within the 1 x 1 µm2 surface area. 
 
Sample Characterization.  The surface behavior at the air-water interface and 
Langmuir-Blodgett (LB) monolayer depositions onto the silicon substrate were conducted at 
room temperature using an R&K 1 LB trough according to the usual procedure.54  The 60-
120 µL of dilute polymer solution (concentration less than 1 mg/L) in chloroform (HPLC 
grade) was deposited drop-wise (5-6 drops, uniformly distributed) onto the Nanopure water 
surface and left to evaporate and spread evenly over a period of 30 minutes at room 
temperature.  During LB deposition, the surface pressure was held constant as the 
submerged silicon substrate was slowly lifted up at a velocity of 3 mm/min.  The LB 
monolayers were deposited onto the silicon substrates at two different surface pressures: 
low, 5mN/m and high, 35mN/m (on the verge of collapsed) at a naturally occurring pH of 
5.5.  Additionally, polymers 3 and 6 were deposited at subphase pH of 3.2 and 8.8 at the 
surface pressure of 5 mN/m and 35 mN/m.  The desired pH level was obtained by drop-wise 
addition of NaOH (0.03 M) and HCl (1.3 M) and monitored using Orion pH-meter, model 
410A. 
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The effective thickness of the monolayers was measured with COMPEL automatic 
ellipsometer (InOmTech, Inc.) with an incident angle of 70° and a wavelength of 634 nm 
according to the well-known procedure.55  The average thickness of the silicon oxide layer 
was measured prior to the monolayer deposition and later used during the ellipsometry 
measurement with a double-layer model was employed to calculate the monolayer thickness.  
The refractive index for amphiphilic copolymers was calculated by taking into account the 
chemical composition with the refractive index for the different blocks taken as 1.59 for PS 
and 1.53 for PEO.56  The results were averaged over five independent measurements at 
different locations on the substrate.  The standard deviations of the thicknesses measured 
with ellipsometry were 0.1 nm.   
 
The LB monolayers deposited on the silicon substrates were studied with a 
Dimension-3000 microscope (Digital Instruments, Inc.) in the “light” tapping mode in 
accordance to the usual procedure adapted in our lab.57,58  An amplitude ratio of 0.90 and 
higher was employed to avoid monolayer damage.59  AFM characterizations of the deposited 
LB monolayers were done after drying samples in a desiccator for 24 h.  The AFM scans 
were conducted at 1 Hz for surface areas ranging from 20 x 20 µm2 to 1x1 µm2 and for 
several randomly selected locations with at least 40 different images collected for each 
specimen.  The tip radius was measured independently using gold nanoparticles as a 
standard reference and only the sharpest tips were selected for scanning.60  The AFM tip 
radii were between 20 and 35 nm and the spring constants of these cantilevers were in the 
range 40-60 N/m.  The domain heights were obtained from cross-sectional analysis and the 
PS domain surface area coverage was calculated from height histograms using the bearing 
analysis.61   
 
6.3 Results and Discussions 
 
Air-water interfacial behavior.  All six copolymers demonstrated similar pressure-
area behavior typical for amphiphilic compounds (Figure 6.3a and b).  Their isotherms 
showed initially an almost horizontal region followed by an abrupt pressure increase at a 
certain surface area before reaching the collapsed region at a smaller surface area.62  
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Polymers 1 and 4 showed a prominent appearance of a pseudoplateau.  In general, the 
appearance of a significant pseudoplateau is associated with circular domain surface 
microstructure.39  The surface areas per molecule, Ao, derived from the isotherms are 
summarized in Table 6.3.  As clear from this data, star copolymers with Br-terminated PS 
arms (polymers 1-3) exhibited smaller surface area per molecule (by 25-30%) or more 
compact packing in the condensed state as compared to star copolymers with NH2-
terminated PS arms (polymers 4-6).  This difference indicates that fully hydrophobic PS 
arms can be easier displaced from the air-water interface into hydrophobic domains by 
lateral compression while the presence of the amine terminal groups keeps hydrophobic PS 
arms more spread.   
 
b 
5 10 15 20 25 30 35 40 45
0
10
20
30
40
50
60
Su
rfa
ce
 
Pr
es
s
u
re
, 
m
N/
m
Area per molecule, nm2
 (NH2)2-S-(TBDPS)2
 (NH2)2-S-(OH)2
 (NH2)2-S-(COOH)2
a 
5 10 15 20 25 30 35 40 45
0
10
20
30
40
50
60
Su
rfa
ce
 
Pr
es
su
re
, 
m
N/
m
Area per molecule, nm2
 (Br)2-S-(TBDPS)2
 (Br)2-S-(OH)2
 (Br)2-S-(COOH)2
 
Figure 6.3. Langmuir isotherms of (a) (Br)2-S-(Y)2 and (b) (NH2)2-S-(Y)2.  Y is TBDPS, 
OH or COOH. 
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Changing the nature of the terminal groups of the hydrophilic PEO arms from 
hydrophobic (TBDPS) to hydrophilic (OH and COOH) decreased the surface area per 
molecule in the condensed state by 25% irrespectively of the terminal groups of the PS arms 
(Table 6.3).  This is a clear sign of easier desorption of PEO arms with hydrophilic terminal 
groups into the water subphase which results in more compact overall packing of molecules.  
In all cases, star copolymers with the bulky TBDPS terminal hydrophobic groups occupy the 
largest surface areas.  The most compact packing of the star molecules at the air-water 
interface is achieved when compact hydrophobic Br groups at the ends of PS arms are 
combined with hydrophilic and polar carboxylic terminal groups for PEO arms thus making 
the tendencies of different arms to escape from the interface into water subphase (PEO-
COOH) and air (PS-Br) stronger (Table 6.3).   
 
Table 6.3. Surface area per molecule of each polymer as determined from Langmuir 
isotherms. 
No. Polymer Ao, nm2 hPEO, nm 
1 (Br)2-S-(TBDPS)2 13.1 1.6 
2 (Br)2-S-(OH)2 11.3 1.8 
3 (Br)
 2-S-(COOH)2 10.4 2.0 
4 (NH2)2-S-(TBDPS)2 16.9 1.2 
5 (NH2) 2-S-(OH)2 15.3 1.4 
6 (NH2)2-S-(COOH)2 14.2 1.5 
 
Surface morphology.  Surface morphology of amphiphilic star copolymers differs for 
different combinations of the terminal groups despite that their overall chemical composition 
remains very similar: PEO chains of molecular weight of 7,500 each are combined with PS 
chains of 14,000 each resulting in a volume fraction PEO of 32% which is favorable for 
cylindrical morphology (Table 6.1).23  For amphiphilic copolymers of the type AnBm with a 
particular composition, the bulk morphology can be predicted using a Milner’s phase 
diagram, which takes into account an asymmetry of the molecular architecture.63  This 
diagram predicts cylindrical morphology for star copolymers studied here as was discussed 
in detailed earlier.23   
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Larger area scans (10x10 µm2 and higher) show the uniformity of all the LB 
monolayers (not shown).  Figures 6.4 and 6.5 show higher-resolution AFM images of LB 
monolayers transferred onto the silicon substrate at different pressures.  As expected from 
the isotherm shape, circular domains were indeed observed for some polymers.  This is 
indicative of the hydrophilic PEO chains being surface-anchored; a well-understood 
phenomenon caused by the presence of bulky hydrophobic terminal groups (TBDPS).39  A 
replacement of functional groups resulted in changing surface morphology (Figure 6.4).  
The circular domains of polymer 1 are not as uniform as those seen for polymer 4.  Overall, 
the domain morphology is much finer and uniform for all star copolymers with NH2-
terminated PS arms.   
 
 
a 
e 
b c 
d f 
 
Figure 6.4. AFM topography of (a) (Br)2-S-(TBDPS)2, (b) (Br)2-S-(OH)2, (c) (Br)2-S-
(COOH)2, (d) (NH2)2-S-(TBDPS)2, (e) (NH2)2-S-(OH)2 and (f) (NH2)2-S-(COOH)2. 
Monolayers were deposited at surface pressure, p=5mN/m.  Scan area is 2 x 2 µm2.  Height 
is 10 nm. 
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Mixed small-medium circular and circular-cylindrical domain morphology was 
observed for all star copolymers with Br-terminated PS arms (Figures 6.4, 6.5).  Lateral 
domain sizes were widely distributed from 10 nm to 100 nm.  Effective monolayer thickness 
measured using ellipsometry was within 2.3-3.8 nm for all monolayers studied at low 
pressure and increased to 3.7-4.5 nm for higher compressions (Table 6.4).  These values 
closely resemble those measured by AFM affirming the accuracy of the predicted micelle 
conformation on solid substrates.22  The domain heights were much more uniform and 
stayed within 4.3 – 6.9 nm for all surface pressures applied here (Table 6.4).  The domain 
heights increased slightly with pressure for both star copolymers with hydrophobic terminal 
groups of PEO chains but remained unchanged for star-copolymers with OH and COOH 
terminated PEO chains (Table 6.4).  The surface coverage with domains was within 28 - 
48% as estimated from the AFM images taking into account the tip convolution.   
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Figure 6.5. AFM topography of (a) (Br)2-S-(TBDPS)2, (b) (Br)2-S-(OH)2, (c) (Br)2-S-
(COOH)2, (d) (NH2)2-S-(TBDPS)2, (e) (NH2)2-S-(OH)2 and (f) (NH2)2-S-(COOH)2.  
Monolayer were deposited at surface pressure, p= 35 mN/m.  Scan area is 2 x 2 µm2.  Height 
is 10 nm. 
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Table 6.4. Monolayer thickness and domain heights at various surface pressures at 
pH=5.5. 
Monolayer Thickness, nm Domain heights, nm 
Ellipsometry Calculated No. Polymer 
P1 P2 P1 P2 
P1 P2 
1 (Br)2-S-(TBDPS)2 2.3 3.9 2.8 3.6 4.3 6.0 
2 (Br)2-S-(OH)2 3.8 4.1 4.1 4.0 6.9 6.6 
3 (Br)
 2-S-(COOH)2 3.4 4.5 4.1 4.4 5.4 5.4 
4 (NH2)2-S-(TBDPS)2 2.5 3.9 2.8 3.4 4.2 4.5 
5 (NH2) 2-S-(OH)2 2.9 4.2 3.4 3.2 6.0 4.5 
6 (NH2)2-S-(COOH)2 2.7 3.7 3.4 3.5 5.0 4.5 
Surface pressure P1 is 5mN/m, P2 is 35 mN/m. 
 
The replacement of the PEO hydrophobic end-groups with hydrophilic OH groups 
resulted in decreased stability of the circular microstructure and the appearance of mixed 
circular and cylindrical domains with a wide distribution of lateral sizes within 10-200 nm.  
On the other hand, the replacement of the Br terminal groups with NH2 groups shifted the 
morphological pattern to fine circular domains with an average diameter below 50 nm.  This 
indicates that the hydrophobic-hydrophilic combination enhances the phase separation 
leading to stable circular domain morphology.  Moreover, phase separation driven by the 
contrasting nature of polymer chains and end-functional groups is more effective in 
controlling aggregation of the hydrophobic PS chains as compared to the hydrophilic PEO 
chains.  However, it is worthwhile to note that the stability of a fine circular domain can be 
easily disturbed by, e.g., the capillary forces acting along the edges of the substrates as 
visible from well-developed lamellar and cylindrical morphologies in these surface areas 
(Figure 6.6). 
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a b 
 
Figure 6.6. AFM topography of (Br)2-S-(OH)2 obtained at the edge of the substrate.  Scan 
area is 20 x 20 µm2 for (a) and 2 x 2 µm2 for (b).  Height is 30 nm. 
 
High-resolution imaging of the domain morphology of star copolymers studied here 
showed very uniform heights of circular and cylindrical domains (within 2-4 nm above the 
surrounding media) and diameters below 50 nm (Table 6.4, Figure 6.7).  Considering that 
the supporting substrate is hydrophilic, the general schematics of the surface distribution of 
individual PS domains and a surface layer composed mainly of PEO chains can be presented 
as that in Figure 6.7 in an agreement with the known models for linear PS-PEO block 
copolymers layers on solid surfaces.22,43,64  This general model will be elaborated below into 
a specific model for star copolymers with different functionalized terminal groups 
considering current results. 
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PS domain PEO-domain 
h-PS 
h-PEO 
d 
b 
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Figure 6.7. A representative three-dimensional surface plot (a) with its corresponding 
profile (b) and cross-sectional analysis with scan size 1x1µm (c) for (NH2)2-S-(TBDPS)2 star 
copolymer deposited at p=5mN/m; cartoon representation of deposited PEO-PS copolymer 
on the silicon wafer substrate: h-PS is height of PS domain and h-PEO is height of PEO 
domain (d).  
 
Affect of subphase pH.  As described by Le Châtelier’s principle,65 ionizable groups 
undergo reversible protonation-deprotonation transition, which can significantly affect 
interfacial behavior of the functionalized star copolymers.  The two polymer samples studied 
under varying pH are (Br)2-S-(COOH)2 and (NH2)2-S-(COOH)2.  The pKa values of 
carboxylic and amine functional groups at room temperature is estimated to be about 5.6 
(succinic acid) and between 4.6 (aniline) and 10.6 (benzyl amine), respectively.66  Thus, 
Langmuir isotherms were collected in the range of pH from 3.2 to 10.6 (Figure 6.8).  
However, compression at pH=10.6 revealed the monotonous non-equilibrium isotherm 
indicating hydrolysis of the ester linkages.  The pH values within pH=3.2 - 8.8 covered the 
pKa values for both star copolymers.  Langmuir isotherms of polymer 3, (Br)2-S-(COOH)2 
and polymer 6, (NH2)2-S-COOH)2 at pH of 3.2, 5.5 and 8.8 are shown in Figure 6.8a and 
6.8b, respectively.  The shape of the Langmuir isotherms is consistent for all pHs with 
overall stability of the monolayers (pressure for a pre-collapsed state) decreasing 
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significantly for higher pH (Figure 6.8).  Highest stability (higher collapsed pressure) for 
both star copolymers was observed for the lowest pH studied here.  The surface areas per 
molecule of the samples showed a slight decrease (within 10%) with increasing pH (Table 
6.5).   
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Figure 6.8. Langmuir isotherms of (a) (Br)2-S-(COOH)2 and (b) (NH2)2-S-(COOH)2 at 
various pH levels. 
 
Table 6.5. Surface area per molecule of (Br)2-S-(COOH)2 and (NH)2-S-(COOH)2 at 
various pHs. 
Ao, nm2 
Polymer 
pH=3.2 pH=5.5 pH=8.8 
(Br)
 2-S-(COOH)2 11.2 10.4 10.4 
(NH2)2-S-(COOH)2 14.0 14.2 13.7 
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The surface morphology underwent notable transformation for both star copolymers 
with changing pH level of the subphase (Figure 6.9).  The irregular mixed morphology at 
low pH was replaced with a much finer circular morphology in Br-terminated star 
copolymer, and ideal uniform circular morphology for NH2-terminated star copolymer for 
all surface pressures.  The monolayer thicknesses and domain heights did not change 
significantly at various pHs (Table 6.6).  These results clearly demonstrate that the 
ionization of the terminal groups can shift equilibrium and change the domain morphology 
as follows: first, higher ionization of the carboxylic groups result in higher solubility of PEO 
chains causing easier submergence in the water subphase.  Second, desorption of PEO 
chains from the air-water interface into the subphase causes the reduction of the surface area 
occupied by a molecule, reduces lateral compression resistance, and shifts a balance towards 
circular morphology because of the reduced content of the minor component (PEO) at the 
surface as predicted by Milner’s diagram.67  Replacement of Br terminal groups of PS arms 
to amine does change the overall pattern because the ionization of amine group is modest 
within pH range tested. 
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Figure 6.9. AFM topography of (Br)2-S-(COOH)2 (a and b) and (NH2)2-S-(COOH)2 (c and 
d) at pH = 3.2 (a and c) and pH = 8.8 (b and d).  Monolayers were deposited at surface 
pressure p=5 mN/m.  Scan areas are 2 x 2 µm2.  Height is 10 nm.  
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Table 6.6. Monolayers thicknesses and domain heights at pH=3.2 and 8.8. 
Ellipsometry, nm Domain height, nm Polymer 
 P=5mN/m P=35mN/m P=5mN/m  P=35mN/m  
(Br)2-S-(COOH)2  (pH=3.2) 2.4 3.7 5.9 7.5 
(Br)2-S-(COOH)2  (pH=8.8) 2.6 3.5 6.5 8.3 
(NH2)2-S-(COOH)2  (pH=3.2) 2.1 3.3 5.2 5.6 
(NH2)2-S-(COOH)2  (pH=8.8) 2.3 3.5 4.8 5.6 
 
Micellization at the air-water interface.  Here, we discuss how the microphase 
separation of dissimilar polymer chains at the air-water interface influenced by the nature of 
their terminal groups governs their surface morphology and microstructure.  Generally, 
amphiphilic star copolymer residing at the air-water interface adopts molecular 
conformation with PEO chains in a close contact with the water subphase and PS chains 
forming individual domains above the air-water interface.  Two possible cases are illustrated 
in Figure 6.10: case 1, in which the hydrophilic PEO chains with modest water solubility are 
spread on the water surface in randomly coiled conformation beneath PS domains, and case 
2, where the PEO chains are submerged into the water subphase.  An occurrence of one of 
the two possible scenarios is defined by overall chemical composition, the length of PEO 
chains, the presence of specific terminal groups, and the surface pressure.  E.g., as 
demonstrated by Zhu et al, hydrophobic terminal groups attached to hydrophilic PEO chains 
anchor them at the water surface preventing neighboring micelles from merging.  
Hydrophilic end-functional groups, on the other hand, allow the hydrophilic PEO chains to 
“sink” into the water subphase, under even very low surface pressure.39 
 
Considering that the model presented in Figure 10a can be applied to star copolymers 
with hydrophobic terminal groups, the molecular arrangement at high surface pressures is 
presented in Figure 6.10b.  At low surface pressure, the PEO chains are mainly located at the 
water surface thus preventing the aggregation of PS domains into large surface areas.  
Forced submergence of PEO chains at high surface pressure does not change the PS domain 
morphology but results in dense packing (Figure 6.10b).  On the other hand, the presence of 
the hydrophilic terminal groups in PEO chains causes them to submerge into the water 
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subphase even at low surface pressure, followed by the aggregation of PS domains at higher 
surface pressure (Figure 6.10c).   
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Figure 6.10. Amphiphilic copolymer micelles containing different terminal-functional 
groups at low (left) and high (right) pressures; (a, d) uncompressed states.  ,  are 
hydrophobic end-groups and  marks hydrophilic end-groups.  Case 1: end-functional 
groups at hydrophilic chains.  Case 2: end-functional groups at hydrophobic chains.  
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Adding hydrophilic amine terminal groups to the PS chains changes the aggregation 
behavior and prevents the lateral aggregation of PS domains.  This, along with the reduction 
of the PEO content at the water interface due to PEO desorption promotes the formation of 
fine circular domain morphology (Fig. 6.10f).  This phenomenon is more pronounced in star 
block copolymer with highly polar carboxylic terminal groups of PEO chains.  Generally, 
the alteration of the functional groups attached to the hydrophobic PS chains plays a more 
important role in the controlling lateral segregation and the formation of stable circular 
domain morphology.  In addition, ionization of the carboxylic terminal groups at higher pH 
results in a higher level of PEO chains sinking in the water subphase, which further 
promotes the formation of nanoscale circular morphology. 
 
6.4 Conclusions 
 
In conclusion, a series of end-functionalized heteroarm PEO-PS star copolymers 
were synthesized and their surface behavior was studied.  We observed that the opposite 
nature of polymer chains and its end-groups (hydrophobic chains-hydrophilic ends or 
hydrophilic chains-hydrophobic ends) is substantial in the formation of stable circular 
morphology, rather than cylindrical morphology expected for the given chemical 
composition of star block copolymers.  The variation of end groups of hydrophobic chains 
was found to be more effective in creating stable and very fine, nanoscale circular domain 
morphology.  For carboxyl and amine terminated star polymer, (COOH-PEO)2-(PS-NH2)2, 
the subphase pH played an important role in the formation of surface morphology due to the 
varuable ionization of end groups.  
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7.1. Introduction 
 
Amphiphilic copolymers with different architectures and chemical compositions 
have been widely studied recently for their adaptive properties related to responses to 
various environmental conditions. 1,2,3,4,5,6,7  They have been recognized as versatile 
materials for a large number of applications, including drug delivery systems, gene therapy, 
adaptive lubricants, and other “smart” surface coatings.8,9,10,11,12  Photoresponsive surface 
layers with incorporated photochromic groups and binary brush layers with the ability to 
respond to the quality of solvent have been very recently demonstrated.13,14,15,16  Linear block 
copolymers are an attractive class of polymers for these applications due to their relatively 
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simple synthesis, their ability to form micelle structures in aqueous solution, and their wide 
availability through commercial production.17,18,19,20,21   
 
One of the most interesting applications in the biorelease-related field were found for 
responsive materials based on the amphiphilic triblock copolymer poly((ethylene oxide)-b-
(propylene oxide)-b-(ethylene oxide)) (PEO-PPO-PEO) commercially known as Pluronic® 
or Poloxamer.  The PEO-PPO-PEO chain can be modified by varying the length of each 
block so that the final chain exhibits the desired thermoresponsive gelation properties at 
physiological conditions for injectable delivery.17,22  These gels can then dissolve slowly to 
release polymer micelles loaded with drugs. This base system can then be used as the central 
building block for further modification by adding various functional groups to both ends of 
the chain.  To make the thermoreversible gels effective for stimuli-sensitive drug delivery, 
the system must be responsive to both temperature and another stimulus such as pH.  The pH 
response of these copolymers is dependant on the terminal blocks that this system is 
modified with, an example being a polyelectrolyte.  The pentablock copolymer that results at 
the end of synthesis can be used in specific applications of targeted stimuli-sensitive drug 
delivery of insulin via aqueous solution as well as controlled gene therapy through 
complexation with DNA.23,8,27 The resulting pentablock copolymer will show a change to 
environmental stimuli by varying its micelle structure in response to both pH and 
temperature.24  This dual response is characteristic of the lower critical solution temperature 
(LCST) of PEO and PPO and the polyelectrolyte properties of the terminal blocks.24  
 
Surface interactions are important in drug delivery since it is hoped a single injection 
of the carrier-drug system can be made so that it can then be carried to the site by the body.  
The carrier will need to be able to leave the blood stream and enter an affected cell through 
surface interaction where the drug is released by a specific temperature or pH condition.25  
When looking at the hydrophobic-hydrophilic balance for the Pluronic® a difference in the 
solubility of the PEO and the PPO plays a critical role.  PEO block is fully soluble in water 
at room temperature where PPO is only partially soluble.  This variation in solubility will 
have an effect on the micelle structure at the particular solution concentration.26  It has also 
been observed that the drug release rate from the pentablock copolymer can be controlled 
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based on environmental conditions since the hydrophobicity of the polyelectrolyte blocks 
can change with pH.25  It is also this hydrophobicity that determines how the micelles will be 
formed in the solution since it has an impact on the concentration of polymer in the solution 
as more of the PEO is soluble than PPO.26  
 
Characterization of the system that is responsive to pH and temperature and can be 
used in drug delivery systems spread at the air-water interface is a primary focus of the study 
reported here.  To address this task, Pluronic® was modified by attaching a functional block, 
poly-((diethylaminoethyl methacrylate) (PDEAEM), to the ends of the central triblock 
copolymer to form the amphiphilic pentablock copolymer poly-((diethylaminoethyl 
methacrylate)-b-(ethylene oxide)-b-(propylene oxide)-b-(ethylene oxide)-b-
(diethylaminoethyl methacrylate)) that exhibits a dual response to temperature and pH by 
forming micelles.24  The PDEAEM which was used to construct the pentablock copolymer 
can be attached to the Pluronic® by atom transfer radical polymerization (ATRP) with Br-
terminated Pluronic® used as the macroinitator according to the complete reaction routine 
described previously. 27 In addition, PDEAEM block also exhibits a lower critical solution 
temperature (LCST) in water.  While the stimuli-responsive behavior of these pentablock 
copolymers and their self-assembly properties have been investigated in bulk solutions, the 
surface studies presented here will provide an important evidence as to how the pentablock 
copolymers will behave when they interacts with various interfaces in the body during drug 
delivery and how the structure will change when the carrier reaches the target site and 
changes its structure to release the drug. 
 
This modification to the Pluronic® material allows for the molecule to be used as a 
carrier for a drug that can be tuned for controlled release.  When the pentablock copolymer 
carrier reacts to the change in temperature and pH, it will change its micellar structure 
allowing the drug to be released at a specific site and eliminating the need for removal of the 
drug vector, since the pentablock copolymer is water soluble and can be excreted from the 
body.23,27,25  For this delivery technique to be successful, the interactions at the interface 
boundaries must be understood and characterized in detail.  This full understanding of the 
surface interactions and phase transformations of the pentablock copolymer under variable 
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environmental conditions is essential for the implementation of this material as a viable drug 
delivery material.  However, unambiguous characterization of molecular transformations, 
micellar restructuring, and the corresponding alternation of the surface properties in response 
to external stimuli is a tremendously challenging task which was completed only for few 
systems.    
 
Our study focuses on this task by beginning with the deposition and collection of 
surface isotherm data of the described pentablock copolymer on clean silicon wafers using 
known Langmuir-Blodgett (LB) depositin.28  This was done at different temperature and pH 
values so that it could be seen how the molecule behavior changed under these different 
external conditions.  These samples were characterized by ellipsometry to measure the 
thicknesses of the LB monolayers and by atomic force microscopy (AFM) to visualize the 
morphology and microstructure of the surfaces.  This paper address the kinds of changes that 
occur in the micelle structure of the pentablock copolymers under different temperature and 
pH conditions and how these structural reorganizations affect the copolymer behavior at the 
air-water interface. 
 
7.2. Experimental part 
 
Materials.  The pentablock copolymer poly-((diethylaminoethyl methacrylate)-b-
(ethylene oxide)-b-(propylene oxide)-b-(ethylene oxide)-b-(diethylaminoethyl methacrylate)) 
(PDEAEM-PEO-PPO-PEO-PDEAEM) was synthesized by atom transfer radical 
polymerization (ATRP) from Br-terminated Pluronic® macroinitiator.  Details of the 
synthesis and characterization of these block copolymers were described previously.27  The 
molecular weight, polydispersity and chemical composition were verified using the 
combination of GPC and 1H-NMR as represented in Figure 7.1 and Table 7.1.  For further 
discussion, the notation Pl-Br will be used to refer to Br-terminated Pluronic® polymers and 
Pentablock (PB) to amphiphilic PDEAEM-PEO-PPO-PEO-PDEAEM copolymer studied 
here (Table 7.1). 
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Monolayer Fabrication.  Langmuir isotherms at the air-water interface and LB 
deposition onto a silicon substrate were conducted at different temperatures using a KSV 
2000 mini-trough assembled with water bath temperature controller according to the usual 
procedure.28  50-60 µL of dilute polymer solution (concentration less than 0.05 mg/mL) in 
chloroform (HPLC grade) was deposited in 12-15 drops uniformly distributed onto the water 
surface (Nanopure, 18 MΩ cm) and left to evaporate and spread evenly over a period of 30 
minutes.  The pH of the water subphase was adjusted by adding solution of 0.1 M HCl or 0.1 
M NaOH.  The surface molecular area A1 was calculated as the point of initial appearance of 
a steep rise in the surface pressure.  Highly polished [100] silicon wafers (Semiconductor 
Processing Co.) were cut into rectangular pieces (2 x 1.5 cm2) and sonicated in Nanopure 
water for 10 minutes to remove silicon dust.  The wafers were then chemically treated with 
“piranha solution” (30% concentrated hydrogen peroxide, 70% concentrated sulfuric acid, 
hazardous solution!) for 1 hr to remove organic and inorganic contaminants and to strip the 
original silicon oxide surface layer and thermally grow a new fresh layer.29  Finally, wafers 
were abundantly rinsed with Nanopure water and dried with dry nitrogen.  During LB 
deposition, the surface pressure was held constant as the submerged substrate was slowly 
lifted from the trough at a rate of 3 mm/min.  The temperature variation of the surface 
pressure of the Langmuir monolayer was tested by keeping the molecular area constant while 
slowly varying the temperature of the water subphase from 27oC to about 50oC and back  
and monitoring the surface pressure (about 40 minutes for a complete heating-cooling cycle). 
 
Monolayer Characterization.  The effective thickness of the LB monolayers was 
measured with a COMPEL automatic ellipsometer (InOmTech, Inc.) at an incident angle of 
70° and a wavelength of 634 nm according to the well-known procedure.30  The LB 
monolayers on the silicon substrates were studied with a Dimension-3000 AFM microscope 
in the “light” tapping mode in the accordance to the usual procedure adapted in our lab.31  
An amplitude ratio of 0.95 and higher was employed to avoid monolayer damage.32  AFM 
characterization of the deposited LB monolayers was done after drying in a desiccator for 24 
hrs.  The AFM scans were conducted at 0.5-1.5 Hz scanning rate for surface areas ranging 
from 20 x 20 µm2 to 1x1 µm2 at several randomly selected locations with at least 20 different 
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images collected for each specimen.  The AFM tip radii were between 20 and 35 nm and the 
spring constants of these cantilevers were in the range of 40-60 N/m.   
 
7.3. Results & Discussion 
 
Chemical composition.  The chemical structures of the brominated Pluronic® 
macroinitiator (Pl-Br) and the subsequent pentablock copolymer (PB) produced by ATRP 
synthesis are shown in Figure 7.1.  Relatively narrow PDI values were obtained for the PB 
copolymer produced by this route (Table 7.1).  The molecular weights of the copolymers 
were maintained below 25,000 to allow for renal excretion in a drug delivery application.  
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Figure 7.1.  Chemical formulas of the initial ATRP macroinitiator Pl-Br(a) (Pluronic®-Br) 
and corresponding PDEAEM-PEO-PPO-PEO-PDEAEM pentablock (PB) copolymer (b).  
 
Table 7.1. Molecular characteristics of the polymers. 
GPC 
Name Sample 
Mn PDI 
Pl-Br(Pluronic®-Br) Br-PEO-PPO-PEO-Br 13.640 1.18 
Pentablock, PB PDEAEM-PEO-PPO-PEO-PDEAEM 22,000 1.34 
 
General surface behavior at the air-water interface.  Both copolymers studied here 
formed stable Langmuir monolayers at the air-water interface indicating proper amphiphilic 
balance (see pi~A isotherms in Figure 7.2).  The monolayers are stable up to 20 mN/m and 
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the surface molecular area reaches 20 nm2 in the pre-collapsed state.  The increase in 
molecular weight of the pentablock copolymer PB (Table 7.1) is translated into overall shift 
of the isotherm toward larger surface area (Figure 7.2) compared to the Pl-Br.  The surface 
molecular area A1 of the monolayer in the condensed state increases by 38% which is below 
the increase in molecular weight by 60% (Tables 7.2 and 7.1).  This difference indicates that 
the terminal blocks PDEAEM are partially desorbed from the air-water interface and 
submerged into the water subphase due to their partial ionization at pH = 7.4 (Table 7.2).   
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Figure 7.2.  Pressure-area (π~A) isotherms of the Pl-Br and amphiphilic PB copolymer at 
pH=7.4 and temperature 25oC.  
 
The LB monolayer from Pl-Br shows smooth surface morphology with the surface 
microroughness about 0.2 nm (calculated within 1x1 µm2) and the fine texture with domain 
dimensions below 50 nm (Figure 7.3).  The effective thickness of the LB monolayer at low 
surface pressure is 0.42 nm, and that points to complete spreading of macromolecular 
backbones on a hydrophilic silicon surface.  Finally, the reversibility of the Langmuir 
monolayers was examined by repeating cycles of compression and expansion within the low 
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pressure (<5 mN/m) regime.  A minor hysteresis (10-15% surface area) observed for the Pl-
Br at pH=7.4 and PB at pH=7.4 and 10 indicated partially irreversible behavior due to the 
presence of a larger fraction of hydrophobic phase aggregated at the higher surface pressure 
(not shown). 
 
 
Figure 7.3.  AFM topography of macroinitiator Pl-Br monolayers deposited at surface 
pressure π=5 mN/m and 25oC.  Z-scale is 2nm. 
 
Surface behavior at different pH.  The variation of the subphase pH resulted in some 
shifts of the surface isotherms for PB with overall preservation of their shapes (Figure 7.4).  
These changes indicate minor changes in the amphiphilic balance between different blocks 
without dramatic changes of the overall monolayer structure.  Decreasing pH from 10 to 1 
resulted in the formation of slightly more dense Langmuir monolayers indicating more 
collapsed structure of the blocks situated at the air-water interface (Figure 7.4).  The surface 
molecular area A1 is the lowest for pH = 1 (by 10% lower than for higher pH, Table 7.2) 
indicating that the degree of the protonation of the terminal PDEAEM blocks affects their 
state at the air-water interface and their ability to submerge into the water subphase. Critical 
role of end-groups on surface behavior of block-copolymers was demonstrated in our earlier 
studies.33 
1 µm 200 nm 
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Figure 7.4.  Pressure-area (π~A) isotherms of the PB copolymer at different pH (25oC). 
 
The LB monolayers deposited at two limiting values of pH (pH = 1 and 10) showed 
distinctly different surface morphologies (Figure 7.5).  First, LB monolayer fabricated at 
pH=1 showed very fine surface texture with clearly visible domains (Figure 7.5a).  The 
lateral dimensions of these domain structures do not exceed 80 nm.  The overall texture is 
much coarser and lateral dimensions of domains are slightly higher than that observed for 
Pl-Br monolayer.  In addition, all LB monolayers fabricated from PB are slightly (20%) 
thicker than the LB monolayers from Pl-Br (Table 7.2).  All these differences are apparently 
caused by the presence of additional terminal hydrophobic blocks.  Finally, the LB 
monolayer fabricated at pH=10 showed more uniform surface with occasionally visible 
thread-like structures and a number of collapsed aggregates which we suggest are collapsed 
and aggregated fibrils (Figure 7.5b).  The diameter of these fibrillar structures in a dry state 
is between 1-10 nm and their length can reach several hundred nanometers.  
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Figure 7.5.  AFM topography of PB monolayers deposited at the surface pressure π=5 
mN/m and pH=1 (a and b) and pH=10 (c and d) at 25oC.  Z-scales are 5nm (a-c) and 2nm 
(d). 
 
Surface behavior at different temperatures.  The variation of temperature of the 
water subphase played an insignificant role in the surface behavior of PB copolymer at very 
acidic or basic conditions.  In both cases, the surface-pressure isotherms at 25oC and 50oC 
were virtually identical except some minor deviations at very high surface pressures 
preceding the monolayer collapse indicating very minor temperature-dependence of block-
copolymer conformation under giver protonation conditions (Figure 7.6a).  However, at the 
physiological pH of 7.4, which is of interest in drug delivery applications, a significant shift 
to the higher surface pressures was observed at elevated temperatures (Figure 7.6b).  The 
surface area per molecule at a constant pressure increased by 10-15% and the surface 
pressure at a constant molecular area increased by 15-40% indicating significant molecular 
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reorganization accompanying temperature variation under given ionic conditions.  At a pH 
of 1, the PDEAEM blocks are fully protonated, while at a pH of 10, the PDEAM blocks are 
fully deprotonated.16  However, in the pH range of 7.4, which is close to the pKa of 
PDEAEM, these blocks are partially ionized and the interplay between concurrent responses 
to pH and temperature is most evident in this regime 
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Figure 7.6.  Pressure-area (π~A) isotherms of the PB copolymer at different pH and 
temperatures. 
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AFM imaging of LB monolayers of PB deposited at different temperatures showed 
that relatively smooth surface morphology of the monolayer deposited at 25oC is 
transformed to more heterogeneous morphology with clearly visible surface aggregates and 
very fine domains clearly visible for the monolayer deposited at 50oC (Figure 7.7).  
Moreover, the monolayer thickness reduced dramatically from 1.46 nm to 0.75 nm 
indicating significant reorganization and segregation of PB copolymers in both lateral and 
vertical directions (Table 7.2).  The increase in the monolayer thickness at 25oC can be 
caused by the collapse of the PDEAEM blocks and their trend to vertically segregate at the 
air-film interface far from the hydrophilic film-silicon interface.   
 
 
Figure 7.7.  AFM topography of PB monolayers deposited at the surface pressure π=5 
mN/m, pH=7.4 and different temperatures: 25oC (a and b) and 50oC (c and d).  Z-scales are 
5nm (a-c) and 2nm (d). 
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Considering these significant and easily detectable changes in the surface properties 
we conducted additional experiments to reveal the reversible character of the temperature-
induced transformation of pentablock studied here.  For this experiment, we kept constant 
either the surface pressure or the surface area per molecule and monitored the variation of 
the surface are or the surface pressure, respectively, while gradually changing the 
temperature of the water subphase from 27 to 50oC in a cyclic manner (Figure 7.8).  In these 
experiments, we observed both reversible variation of surface pressure and the surface 
molecular area with former being much more pronounced and thus presented here.  The 
corresponding variation of the surface pressure (a value at 27oC was taken as a zero base) at 
constant surface molecular area (selected at 120 nm2 in this example) was remarkably 
cyclical following closely the temperature variation (Figure 7.8).  The surface pressure 
increased by 1.5-2.5 mN/m at the elevated temperature which indicates the formation of 
more dense monolayer due to stronger tendency to intramonolayer segregation induced by 
the collapse of the terminal PDEAEM blocks in the course of phase transition around 
LCST=35oC.  Moreover, the minor variation of the temperature interval (increase in the 
higher temperature limit) clearly modifies thermo-responsive behavior resulting in a 
temperature-controlled pressure variation window (see envelope curve in Figure 7.8).  The 
reversibility of the polymer response over many cycles similar to that observed here is a key 
feature for use in drug delivery applications.17 
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Figure 7.8.  Temperature variation of the surface pressure of the PB copolymer monolayer 
at pH=7.4 at the constant surface molecular area of 120 nm2 and temperature cycling 
between 27oC and 42-49oC. 
 
7.4. General discussion and conclusions 
 
The results obtained in this study help elucidate the surface properties of these multi-
stimuli sensitive polymers at the air-water interface under various environmental conditions 
and provide good comparison with the bulk behavior of these polymers in aqueous solutions.  
This study clearly shows that the hydrophobic balance among the various blocks in the PB 
copolymer can be tuned by varying temperature and/or pH.  Increasing temperature promotes 
the hydrophobicity of the terminal blocks due to LCST behavior.  In the fully protonated 
state at low pH, the PDEAEM blocks are partially hydrophilic, while they are hydrophobic 
in the unprotonated state at high pH values.  The surface studies presented here provide a 
facile way of gauging the amphiphilicity and the surface structure of the copolymer under 
various conditions, compared to small angle X-ray or neutron scattering techniques for the 
bulk solutions that are time consuming and relatively more complex to analyze.24  The 
surface area per molecule measurements obtained here correlate well with the overall 
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hydrophobic balance of the PB copolymers under various pH and temperature conditions.  
At lower pH values, due to the increase in the degree of protonation, more collapsed surface 
structures are seen.  At high pH values of 10, collapsed aggregates and fibrils seen in the LB 
monolayers correlate well with the cylindrical micellar structures with similar dimensions 
(Rg ~4.4nm) suggested for bulk solutions from small angle neutron scattering.24  And the 
sizes of the molecular aggregates seen at pH 7.4 are in between those seen at pH=1 and 
pH=10 as expected from earlier solution studies.24  
 
Then, as was observed here under extremely basic or acidic pH conditions, the effect 
of increasing temperature from 25oC to 50oC is not very pronounced.  Apparently, this is 
associated with the changes in relative hydrophobicities of the PDEAEM blocks which are 
strongly correlated to pH and not temperature in this regime.  However, at the 
physiologically-relevant pH of 7.4, which is close to the pKa of the PB copolymer where the 
PDEAEM blocks are partially ionized, the copolymer shows the greatest sensitivity to 
changes in temperature.  Significant increase in the surface area (and pressure) is observed as 
the temperature is increased from 25oC to 50oC.  Because the upper temperature is above the 
LCST temperature of PDEAEM, and this increase leads to the shifting hydrophobic balance.  
This shift naturally leads to the increase in the surface area as well as the increase in the 
aggregate formation.   
 
In conclusion, we found an interesting reversible thermoresponsive surface behavior 
of the PDEAEM-PEO-PPO-PEO-PDEAEM pentablock copolymer designed to be a 
multistimuli responsive copolymer with both pH and temperature responsive behavior.  In 
fact, we found that by varying pH, we can trigger thermoresponsive behavior of this 
copolymer at the air-water interface similar to that observed and studied for micellar 
solutions.  Moreover, we found that the temperature-driven conformational changes result in 
the dramatic reorganization of both vertical and lateral segregation of pentablock copolymers 
confined into a single molecular layer.  Remarkably, unlike conventional thermally-
responsive polymers, for our pentablock copolymer the changes induced by temperature-
triggered intramolecular transformations are fully controlled by pH environment and can be 
enhanced or suppressed on-demand.  Importantly, we demonstrated that fully reversible, 
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multiple, and robust variation of the surface pressure accompanies the temperature-induced 
phase transformation around LCST.  The reversibility of the copolymer behavior at the 
interface with respect to temperature proven here is crucial for drug delivery applications.   
 
The surface studies described here provide a powerful method to analyze the 
response of multi-stimuli sensitive polymers to various environmental conditions and 
provide a fast method for complimentary investigation of the bulk solution behavior of 
responsive polymers.  We suggest that the observed thermo-responsive surface behavior can 
be exploited for modeling of the corresponding behavior of pentablock copolymers adsorbed 
onto various interfaces (e.g., biomaterials or tissues).  Detailed studies of this behavior and 
the role of water-solvable small molecules on kinetics of surface transformations might 
enhance our understanding of molecular transformations under variable environmental 
stimuli relevant to controlled drug and biomolecule release and retention. 
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8.1 Introduction 
 
Molecular architecture has been shown to affect the morphology of micellar 
aggregates of star and star block copolymers in polymer solutions, bulk state, and in thin 
polymer films at surface and interfaces.1 ,2   The synthesis of block copolymers and the 
microphase separation of these multi-component copolymers in bulk 3 and sol-gel4 states as 
well as aggregation properties in solution5 , at interfaces,6 and surfaces7 have been the focus 
of numerous recent studies.  Amphiphilic block copolymers on solid substrates are known to 
self-organize into well-defined morphologies, as was observed by Zhu et al for polystyrene-
b-poly(4-vinyl pyridine), PS-b-P4VP. 8   This class of material possesses crystalline-
                                                 
∗
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amorphous interactions in addition to the incompatibility of dissimilar blocks that is 
responsible for microphase separation. 9   The combination of amorphous hydrophobic 
polystyrene (PS) and nonionic and highly crystalline hydrophilic polyethylene oxide (PEO) 
is among those widely studied.  Their high incompatibility leads to the well-separated 
microphase structures.  For PEO-PS block copolymers, crystallization of the PEO chains for 
monolayers at a solid support is frequently supressed.9  In fact, even at 92 wt% of PEO 
phase, microphase separation in the form of very fine dot surface morphology is observed 
without any sign of crystalline phases.10  The properties of PEO-PS block copolymers with 
linear architecture, variable molecular weight, and certain chemical composition were 
reported in terms of their bulk behavior11, phase structures12 and morphologies,13 as well as 
their micellar structures in water14 and organic solvents of different affinities.11,15   
 
Star block copolymers with different blocks confined to a single center qualitatively 
exhibit behavior similar to linear block copolymers at the air-water interface: hydrophilic 
chains form a partially submerged pancake structure as the hydrophobic chains collapse into 
segregated globules.16  Surface studies performed for PEO-PS block copolymers containing 
7 wt%, 15.5 wt%, 60wt% and 92 wt% PEO content showed that a sufficient amount of PEO 
block (greater than 10 wt%) yields uniform dot morphology.10  Otherwise, spaghetti, islands 
or mixed morphologies were formed depending on the deposition and spreading 
conditions. 17   A similar trend was observed for PEO-PSn asymmetrical heteroarm star 
polymers studied in our group,18 as well as symmetrical PS-b-PEO and PB-b-PEO star-block 
copolymers studied by Duran’s group.18  A rather unusual morphology was reported for PS6-
s-poly(acrylic acid)6 (PS6-s-PAA6) star copolymer with two-dimensional circular micelles 
forming as a result of the rigid disk-like aromatic core and short polymer chains.19  
 
The AnBn star copolymers possess the ability to self-assemble under appropriate 
conditions.  In dilute solutions and in a solvent selective for one type of arm, the heteroarm 
star polymers form unimolecular micelles at relative moderate concentrations as their 
architecture can mimic a micellar structure.20a,b  At concentrations above critical micelles 
concentration (cmc) (which can be 3 orders of magnitude higher than that of the linear 
counterparts), they are associated into polymolecular micelles with low aggregation number, 
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adopting a core-shell spherical structure.20c  At elevated concentrations in water-oil 
mixtures, PEO10PS10 self-assembles to form a hexagonal lyotropic liquid crystalline 
structure comprised of cylindrical arrays where the divinylbenzene (DVB) cores of the stars 
are located on the polar/nonpolar interface (i.e. on the surface of the cylinders), the PS arms 
are segregated on the interior of the cylinders, while the PEO arms are located in the 
aqueous polar external domains.20d 
 
Recent studies have demonstrated that branched PEO-PS star polymers might form 
unique morphologies not observed for linear block copolymers with peculiar properties.21  
For example, the aggregation number is usually lower for star copolymers because of the 
crowding of polymeric chains at a single junction point which hinders aggregation of PS 
blocks.18  However, the number of arms in amphiphilic star polymers studied to date is 
usually very limited and does not exceed 4-6.21  Thus, the effect of a high number of 
dissimilar arms (>10) attached to a single core on the phase state and morphology of 
heteroarm star polymers remains unknown.  Therefore, to consider the role of the crowding 
of the hydrophilic and hydrophobic chains attached to a single core on their surface behavior 
and morphology, we exploit a series of PEOnPSn star polymers with a large number of arms 
(2n up to 38) and with a PEO content, φ, (wt%) ranging from 19 to 88% (Figure 8.1, Table 
8.1).  
 
8.2 Experimental 
 
The PEOnPSn heteroarm star polymers have been synthesized via three-step 
sequential anionic polymerization under inert atmosphere, as described elsewhere.22  The 
molecular weight, polydispersity and architectures were verified using the combination of 
GPC, 1H-NMR and light scattering, as summarized in Table 8.1.22  For further discussion, 
the notation Sm-φ will be used to refer to the polymers studied here, where m is total 
number (m=2n) of arms and φ is PEO content (wt%) (Table 8.1). 
 
Langmuir isotherms at the air-water interface and Langmuir-Blodgett (LB) 
deposition onto a silicon substrate were conducted at room temperature using a KSV 2000 
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LB mini-trough according to the usual procedure.23  60-120 µL of dilute polymer solution 
(concentration less than 0.5 mg/mL) in chloroform (HPLC grade) was deposited in 5-10 
drops uniformly distributed onto the water surface (Nanopure, 18.0 MΩ cm-1) and left to 
evaporate and spread evenly over a period of 30 minutes.  Surface molecular area A1 was 
calculated as the point of initial appearance of the rising surface pressure (>0.1 mN/m).  The 
limiting cross-sectional area Ao was determined at the steep rise in the surface pressure 
related to the formation of condensed monolayer.  Highly polished [100] silicon wafers 
(Semiconductor Processing Co.) were cut into rectangular pieces (2 x 2 cm2) and sonicated 
in Nanopure water (σ > 18.0 MΩ cm-1) for 10 minutes to remove silicon dust.  The wafers 
were then chemically treated with “piranha solution” (30% concentrated hydrogen peroxide, 
70% concentrated sulfuric acid, hazardous solution!) for 1 hr to remove organic and 
inorganic contaminants and to strip the original silicon oxide surface layer.24  Finally, wafers 
were abundantly rinsed with Nanopure water and dried with dry nitrogen.  During LB 
deposition, the surface pressure was held constant as the submerged substrate was slowly 
lifted from the trough at a rate of 3 mm/min.   
 
The effective thickness of the LB monolayers was measured with a COMPEL 
automatic ellipsometer (InOmTech, Inc.) at an incident angle of 70° and a wavelength of 
634 nm according to the well-known experimental procedure.25  The LB monolayers on the 
silicon substrates were studied with an atomic force microscope (AFM) Dimension-3000 in 
the “light” tapping mode in accordance to the usual procedure adapted in our lab.26  An 
amplitude ratio of 0.95 and higher was employed to avoid monolayer damage.27  AFM 
characterization of the deposited LB monolayers was done after drying in a desiccator for 24 
h.  The AFM scans were conducted at 1 Hz scanning rate for surface areas ranging from 50 
x 50 µm2 to 1x1 µm2 and for several randomly selected locations with at least 40 different 
images collected for each specimen.  The domain heights were obtained from the cross-
sectional analysis of monolayer topography and the PS domain surface area coverage was 
calculated from histograms using the bearing analysis.28  The AFM tip radii were between 
20 and 35 nm and the spring constants of these cantilevers were in the range of 40-60 N/m.  
The tip radius was measured independently using tethered gold nanoparticles as a standard 
reference and only the sharpest tips were selected for high-resolution scanning.   
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8.3 Results & Discussion 
 
Six star copolymers studied here are composed of an equal number of PEO and PS 
arms attached to a central core (Figure 8.1).  The weight content of the PEO blocks varied 
from 19% to 88% as the number of arms varied from eight arms of PEO and PS each for 
S16-19 to 19 arms of PEO and PS each for S38-78 (Table 8.1, Figure 8.2).  All arms of the 
same nature have the same molecular weight.  An example of a linear diblock copolymer 
was included for one particular composition for comparative purposes (L-86, Table 8.1).  
For clarity, we consider all compounds studied here in two groups: group I with lower PEO 
content (<50%) and group II with a predominant PEO content (79-88%) (Figure 8.1, 8.2).  
Within the first group, the total number of arms was close (16-18) although within the 
second group the number of arms increased up to 38 for star copolymers with lower PEO 
content (Table 8.1).   
 
 
PEO 
Star Core Group I 
Group II 
 
Figure 8.1.  Schematics of PEOnPSn heteroarm star polymers with larger number of arms 
and low (left) and moderate PEO content (center), (group I), and high PEO content (right) 
(group II).  Schematic of linear block copolymer molecule is shown as well. 
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Table 8.1.  Molecular characteristics of PEOnPSn heteroarm star polymers. 
Number 
of Arms 
PS PEO 
Group Sample Composition 
N total Mw NPS Mw NPEO 
φpeo 
Mw 
total 
S16-19 PEO8-PS8 8 16 27,000 260 5,600 127 0.19 241,000 
S18-23 PEO9-PS9 9 18 22,000 212 6,500 148 0.23 245,000 I 
S16-39 PEO8-PS8 8 16 15,000 144 9,100 207 0.39 185,500 
S38-78 PEO19-PS19 19 38 3,000 29 14,200 323 0.78 339,000 
S30-86 PEO15-PS15 15 30 3,000 29 22,500 511 0.86 393,000 II 
S20-88 PEO10-PS10 10 20 3,100 30 25,000 568 0.88 284,000 
 L-86 PEO-PS 1 2 3,200 31 20,400 464 0.86 23,600 
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Figure 8.2.  Graphic representation of the weight fraction of the PEO and PS blocks for the 
PEOnPSn heteroarm star polymers. 
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Surface behavior at the air-water interface.  All heteroarm star polymers studied 
here formed stable Langmuir monolayers at the air-water interface indicating proper 
amphiphilic balance of the molecular architectures (see pi~A isotherms in Figure 8.3).  The 
reversibility of the Langmuir monolayers was examined by repeating cycles of compression 
and expansion within the low pressure (<5 mN/m) regime.  The star copolymers S38-78, 
S30-86, and S20-88 showed a very small hysteresis (5-10% surface area) after a period of 
relaxation (10 minutes).  A slightly larger hysteresis (10-15% surface area) observed for star 
copolymers S16-19, S18-23, and S16-39 indicated partially irreversible behavior due to the 
presence of a larger fraction of glassy PS phase aggregated at high surface pressure.  
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Figure 8.3.  Langmuir isotherms of PEOnPSn star polymers with low PEO content: S16-19, 
S18-23, and S16-39 (top) and high PEO content: S38-78, S30-86, and S20-88 (bottom). 
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The heteroarm star polymers from group I with a larger PS content exhibited higher 
initial surface molecular areas and a low-pressure plateau on isotherms (Figure 8.3(top), 
Table 8.2).  The star copolymers from group II displayed much smaller initial cross-
sectional areas (several times) and a more gradual transition in the surface pressure on the 
isotherms with no plateau prior to the steep increase in the surface pressure before 
monolayer collapse (Figure 8.3(bottom), Table 8.2).  The lower PS content (corresponding 
to the shorter length of PS chains, Table 8.1) translated into a reduced initial surface 
molecular area A1 and limiting cross-sectional area Ao (Table 8.2).   
 
Table 8.2.  Experimental and calculated surface areas per molecule of amphiphilic 
PEOnPSn star polymers. 
Area per molecule, nm2/molecule 
Calculated 
Experimental 
Random coila LS datab Star shapec 
Group Sample 
Rg (core)b 
nm 
Ao A1 A’PS A’PEO A”PS A”PEO A’”PS A’”PEO 
S16-19 1.2 70 500 130 290 448 134 534 220 
S18-23 1.6 81 320 123 381 391 171 489 292 I 
S16-39 1.2 68 380 74 468 249 209 300 346 
S38-78 1.9 66 192 44 1,728 78 363 123 665 
S30-86 1.5 62 180 33 2,155 67 525 99 953 II 
S20-88 1.1 40 185 22 1,595 57 548 76 962 
 L-86 --- 8 165 2 130 8 91 11 214 
 
In order to establish a contribution of the PS and PEO chains into A1 and Ao areas we 
estimated the theoretical limiting surface areas per molecule using different models of chain 
conformations.  In the first model, we considered a situation when PS and PEO chains in 
coiled conformation are the limiting factors in monolayer compression.  We calculated the 
surface area per molecule for total individual PS and PEO chains from the known limiting 
surface area for PS (0.06 nm2) and PEO (0.28 nm2) monomeric unit reported for PEO-PS 
linear29  and star polymers18b with a limited numbers of arms deposited at the air-water 
interface (Table 8.2).  Theoretical surface area per molecule A’ was calculated from the 
 188 
surface area per monomer, ao, number of monomers in a single arm, N, and number of arms, 
n: A’ = ao*N*n (Table 2).   
 
The theoretical surface area per molecule A” was alternatively calculated using light 
scattering (LS) assuming PS and PEO chains in coiled conformation in good solvent (second 
model) (Table 8.2).  Considering THF and chloroform are both non-selective solvents with 
comparable properties,30 for coil dimensions we applied the Mark-Houwink-Sakurada (MHS) 
equation by using LS data described earlier for these star polymers.22  We assumed that 
MHS constants K and a found for S18-23 and S16-39 are the same for all PEOnPSn 
heteroarm star polymers (Table 8.2). 
 
The third model included corrections for the branching introduced by Stockmayer 
and Zimm 31  and later modified by Birshtein and Zhulina in order to describe the 
conformation of the star polymers in θ-solvent.  The radius of gyration Rg for both PS and 
PEO chains in a random coil conformation calculated according to: Rg = [√(3*n-
2)/n]*(r/√6).32  The end-to-end distance r for this model was calculated as described in 
literature: r= a Nk3/5.33,18b  a is the segment length (Kuhn segment) and Nk is the number of 
segments: Nk=N/ns, where ns is the number of monomer units in one Kuhn segment and N is 
the number of monomer units in the polymer chain.  The literature data are used for two 
blocks: for PS: a=1.69 nm and ns=6; for PEO: a=0.77 nm and ns=2.34  Total radius of a star 
polymer is Rt = 2*Rg+Rc, where Rc is a radius of a core.  Apparently, the random coil 
approximation did not account for the affect of the multiarm star architecture, but models 
based on LS data and branching parameter (star shape) assumed conformation of the star 
polymers in non-selective and Θ solvent, respectively, with all arms stretched out of a 
central core.   
 
All molecular area data were corrected by adding an area per molecule occupied by 
the core as presented in Table 8.2.  Rc of the core was calculated based on the mole ratio, υ, 
of divinylbenzene (DVB) to living PS ends: Rc = 3√[(3*Vc)/(4*π), where Vc is core’s molar 
volume.22  Molar volume of DVB core was calculated as follow: Vc = (Mn(DVB)*n*υ)/(Na*d), 
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where Mn is molar weight of DVB (0.1302kg/mol), Na is Avogadro’s number, d is the 
density of the DVB core assumed to be equal to the density of bulk PS (1060 kg/m3).35  
 
The theoretical surface areas per molecules estimated from chemical composition 
under different scenarios along with the experimental surface area as measured in the 
condensed state of Langmuir monolayer show similar trends (Figure 8.4).  Dashed lines 
correspond to the ideal calculations when experimental data agree with theoretical values.  
For all star copolymers, the experimental area per molecule Ao, corresponding to the 
collapsed PS chains, is similar (ca 70 nm2) (Figure 8.4).  Significant differences in 
theoretical and observed values of Ao for the star polymers of the group I could correspond 
to the collapsed PS arms extensively stretched out of the air-water interface, which 
drastically reduce the limiting surface areas for the PS monomeric unit (Table 8.2, (Figure 
8.4(top)).  On the contrary, small differences in theoretical (A”PS and A’”PS, Table 8.2, 
Figure 8.4(bottom)) and experimental values of Ao for the star polymers of group II allowed 
us to suggest that their PS chains stayed mostly stretched out of a core along the air-water 
interface upon compression. 
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Figure 8.4.  Comparison of experimental Ao and theoretical (APS) molecular surface area for 
different conformational models.  Dash line shows correlation between experimental and 
theoretical values.   
 
Comparison of the experimental initial surface molecular area A1 with theoretical 
values of APS and APEO calculated for all three models led us to following conclusions.  The 
PS chains of the S16-19 and S18-23 star polymers mostly account for its initial surface 
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molecular area A1 (Table 8.2).  This observation can be due to increased length of the PS 
arms which reduced its mobility, influentially long PEO chains and an effect of the 
crowding in the arms that together forced multiple PS arms to remain expanded and spread 
in lateral directions rather than stretching out of the interface.  However, for group II, the 
area per molecule A1 mostly depended on the length of the PEO chains.  The surface areas 
per molecule A1 were drastically lower than theoretical values of APEO due to a large 
number of arms (up to 38), which can cause considerable steric difficulties for the PEO 
chains to arrange at the interface.  Therefore, we can suggest that for the PEOnPSn 
amphiphilic star copolymers, its PEO arms surround the PS core forming intermediate dense 
PEO layer in order to protect it from water subphase and, as a result, only partially stretch 
out from the collapsed core.  It would cause significantly lower values of A1 of the star 
copolymers, which has been observed, especially for the polymers of group II.  Similar 
phenomenon was observed earlier for the PS6P2VP6 heteroarm star polymers in toluene.36  
Analysis of the LS data for these polymers revealed that the corona composed from PS 
chains was located closer to the core in order to protect the insoluble parts of the micelles.  
This model was confirmed by computational simulations of the heteroarm star polymers 
behavior in good and selective solvents.37   
 
Although S16-39 star polymer belongs to group I, it had unusually high A1 due to an 
increasing content of the PEO block (see Table 8.1).  Comparison of all calculated models 
revealed that the random coil model (involving the limiting surface areas for both 
monomeric units) demonstrated the best agreement between experimental values Ao and A1 
and theoretical values of APS and APEO, respectively.  Thus, PEO and PS chains of the S16-
39 heteroarm star polymer are mostly phase separated at the air-water interface, forming 
Janus structures, which have two different sections of opposite philicity: hydrophilic PEO 
and hydrophobic PS.  
 
LB monolayers at the solid surface: group I.  The role of the number of arms and the 
weight fraction of the polymeric blocks on surface domain morphology was elucidated with 
AFM imaging.  Two heteroarm star polymers with the lowest PEO content (group I) formed 
cylindrical domains with random orientation and a low degree of branching (Figure 8.5).  
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The continuous cylindrical domains of S16-19 had moderate height (6.8 + 0.2 nm) and 
apparent width (180 + 40 nm) (Table 8.3).  The cylindrical domains were randomly looped, 
covering approximately a quarter of the substrate surface at lower surface pressure.  At 
higher pressure, the surface coverage increased to 66% as the height increased to 9.0 nm 
(Figure 8.5d (left)).  The cylindrical domains at the highest surface pressure became oriented 
in the dip direction suggesting that the microscopic ordering is controlled by the capillary 
forces in the course of LB deposition.   
 
The S18-23 star copolymer with more PS and PEO arms and slightly longer PEO 
arms formed densely packed cylindrical domains (Figure 8.5, right column).  The cylinder 
height and width were lower than those for previous S16-19 star polymer at all surface 
pressures (Table 8.3).  In contrast, the effective thickness of the LB monolayer for S18-23 
was higher (2.1 + 0.2 nm, at low surface pressure).  This was accompanied by an increase in 
the surface coverage (44% at lowest surface pressure, 77% at highest surface pressure).  
Higher resolution AFM imaging revealed fine circular substructures of the cylindrical 
domains for both star polymers (arrows, Figure 8.5c).  This confirms that the predominant 
type of aggregation for star copolymers with the lowest PS content is circular domains as 
expected for a given chemical composition in the bulk state.  However, unlike heteroarm star 
polymers with a limited number of arms (<6)18 further aggregation of circular domains into 
continuous and branched cylindrical domains occurs within the monolayer of star 
copolymers with a large number of arms (32 and 36 arms).  Similar morphological transition 
from circular to branched cylindrical, more string-like domains was observed for star block 
copolymers upon compression.16c,16e  However, increasing surface pressure caused a 
collapse of string domains into large circular domains which is quite the opposite to the high 
lateral stability of the cylindrical domains of the heteroarm star polymers studied here. 
 193 
 
Figure 8.5.  Cylindrical structures of LB monolayers from heteroarm star polymers with the 
lowest PEO content S16-19 (left) and S18-23 (right) deposited at 1 mN/m (a), 5 mN/m (b, 
and c) and 25 mN/m (d).  Height is 15 nm for all images.  Arrow (image d) indicates the 
dipping direction. 
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In some surface areas close to the edges of the LB films, a hierarchical self 
organization of the S16-19 and S18-23 heteroarm star copolymers has been revealed (Figure 
8.6).  An internal segregation of the different arms is likely to occur at the air-water interface 
(i.e. PEO in water, PS in air) leading to stable Janus unimolecular micelles of spherical 
morphology (top arrow, Figure 8.6a).  At higher surface pressure, a second level of 
organization occurred which included larger circular structures (multimolecular micelles of 
low aggregation number as expected (bottom arrow, Figure 8.6a).  These micelles become 
the building blocks forming worm-like cylindrical structures (Figure 8.6a).  Similar 
aggregation has been observed for the S18-23 heteroarm star polymer at moderate surface 
pressure (5mN/m) where spheres coexisted with cylinders and other morphologies (Figure 
8.6b).  Some very interesting morphologies (i.e. Y junctions, circular cylinders, and 
cylinders + circular structures, Figure 8.6a, b) have been found, resembling those observed 
by Bates for PB-PEO diblocks in solution.38  To the best of our knowledge this is the first 
confirmation of Bates’s findings for star copolymers.  The ability of the symmetrical 
heteroarm polymers to form unimolecular and polymolecular micelles has been shown by 
Voulgaris et al.36,20c  In this study, the PS6P2VP6 star molecules were observed to associate 
in polymolecular micelles in toluene.  Recent computational models of the heteroarm star 
polymers showed that appropriate conditions of block compatibility or selective solvents can 
lead to intramolecular segregation.37,39,40   
 
Finally, at high surface pressure a nearly defect-free supramolecular net-like 
structure has been observed (Figure 8.6c).  A similar pattern has been observed d for the LB 
films of P2VP- and PEO-containing polymers.  In the case when P2VP-containing polymers 
have been used either another diblock copolymer (PS-b-FS)41 or surfactant molecules (3-
pentadecylphenol)42 along with solvent-assisted procedure have been utilized to initiate the 
formation of the nanostrand network.  Similar interconnected spaghetti-like patterns of LB 
films have been examined as one of few characteristic (but not a prime morphology) 
features for the asymmetric PS-PEO diblock17 and heteroarm star polymers.18b  Contrary, 
this kind of peculiar surface morphology seems to be predominant for the PEOnPSn 
heteroarm star polymers at elevated surface pressure. 
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Figure 8.6.  Diverse morphologies at the edges of LB monolayers from S16-19 (a) and S18-
23 (b and c) deposited at 5 mN/m (a and b) and 25 mN/m (c).  Height is 15 nm for all 
images. 
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The star copolymer with a moderate PEO content (S16-39) stands alone in group I 
(Table 8.1, Figure 8.2).  Unlike the other two group I copolymers, S16-39 formed a very 
uniform monolayer at both low and high surface pressures (Figure 8.7a, c).  Fine circular 
domains formed a densely packed and partially ordered network visible at higher resolution 
(Figure 8.7b, d).  The network possesses a short-range ordering of PS domains 3.5 nm high 
as can be concluded from 2D FFT and lattice cross-sections (not shown).  The diameter of 
very uniform circular domains was close to that observed for other polymers (60 + 5 nm).  
The domain height remained relatively constant as the surface pressure increased, thereby 
causing the effective thickness of the monolayers to climb (Table 8.3).  The formation of a 
relatively ordered lattice in this specimen can be explained by significantly low PS content 
combined with lower overall molecular weight and molecular weight of PS arms, which 
result in higher mobility of the molecules, thus, facilitating formation of a more ordered 
lattice of circular domains. 
 
 
Figure 8.7.  AFM images of LB monolayers from star polymer with moderate content of 
PEO (S16-39) at 1 mN/m (a and b) and 5 mN/m (c and d).  Height is 10 nm for all images. 
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2D Janus-like structures can have either circular or non-circular shapes depending 
upon the length of the different polymer segments and the number of arms.39,40  The Janus 
structures can facilitate further formation of multimolecular micelles, which indeed was 
observed for all PEOnPSn heteroarm star polymers studied here.  Hence, we suggest that a 
significant difference between PEO and PS chains length in S16-19 and S18-23 star 
polymers caused non-circular structures, which later assemble themselves into cylindrical 
micelles.  Recent theoretical calculations have shown that for a 2D system of particles 
consisting of a hard core and soft repulsive corona, repulsive interactions may cause 
spontaneous formation of the stripe morphology resembling those observed in this study.43  
In the case of S16-39 star polymer, formed spherical Janus particles are organized into 
ordered supramolecular structures.   
 
LB monolayers at the solid surface: group II.  In contrast with group I, the 
heteroarm star polymers with the larger number of arms, higher molecular weight, and 
higher content of PEO chains formed monolayers with bi-continuous PEO and PS phases 
(Figure 8.8).  The S38-78 star copolymer with 38 arms formed a uniform monolayer with a 
fine texture: a bi-continuous network at low surface pressure and dense packing of circular 
domains as the surface pressure increased.  However, the S30-86 heteroarm star polymer 
formed a coarser network of PS domains at low surface pressure and a uniform monolayer at 
25 mN/m (Figure 8.8c, d).  The uniform surface morphology of these star copolymers is 
similar to the morphology of the linear block copolymer L-86 with identical content of PEO 
phase (not shown).  However, the overall thickness of the monolayer from the linear block 
copolymer at low surface pressure was much smaller than that for the analogous star 
copolymer (Table 8.3).  This difference indicates that the presence of the spatial constraints 
of the multiple arms attached to a single core facilitates easier vertical phase separation 
under lateral compression.  Moreover, the effective thickness of LB monolayers increased 
significantly for higher surface pressure indicating the PEO phase formed a thicker layer 
underneath the PS blocks, ultimately allowing the PS phase to form the uniform topmost 
layer (Table 8.3, Figure 8.8).   
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Figure 8.8.  AFM images of LB monolayers from: S38-78 (left) and S30-86 (right) 
deposited at 1 mN/m (a and b), 5 mN/m (c), and 25 mN/m (d) surface pressures.  Height is 3 
nm for all images of S38-78 star polymer (left column) and 5 nm for all images of S30-86 
star polymer (right column). 
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Very peculiar surface morphology was observed for the star polymer S20-88 with 
the highest PEO content but the lowest number of arms (Table 8.1, Figure 8.2).  This 
polymer formed well-defined dendritic structures at all surface pressures (Figure 8.9).  At 
low surface pressure, highly branched dendritic morphologies merged into long branched 
two-dimensional structures oriented transversal to the dipping direction (Figure 8.9a, b).  
The height and width of the dendritic structures were very comparable suggesting that a rise 
in surface pressure was causing a uniform growth (Table 8.3).  The higher resolution AFM 
imaging revealed internal domain structures indicating that the dendrites are assembled by 
the aggregation of deformed fine circular domains merging into larger aggregates upon 
compression (Figure 8.10). 
 
 
Figure 8.9.  AFM images of dendritic supramolecular nanostructures in LB monolayers 
from S20-88 at 1 mN/m (a-b), 5 mN/m (c-d), 25 mN/m (e-f).  Height is 15 nm for all 
images.  Arrows (images a, c, e) indicate the dipping direction.  
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The rise in surface pressure to 5 mN/m resulted in the increased surface coverage 
from 29% to 49% and domain height growth from 8.1 + 0.2 nm to 9.5 + 0.2 nm.  Denser and 
more regular dendritic structures were oriented along the dipping direction at this pressure 
(Figure 8.9c, d).  The length of the backbones reached tens of microns with the length of 
branches averaging 2.5±0.5 microns. 
 
 
Figure 8.10.  High resolution AFM images of dendritic structures in LB monolayers from 
S20-88 at 5 mN/m.  Height (left) is 15 nm, phase (right) is 25o. 
 
At the highest surface pressure, the dense dendritic structure merged into a 
continuous texture with remnants of the merging and compressed branched structures still 
evident (Figure 8.9e, f).  The effective thickness rose to 7.3 + 0.2 nm as the surface coverage 
exceeded 90%.  The surface microroughness of the irregular domains decreased at the 
highest surface pressure.  The overall shapes of the compressed structures followed the 
initial highly branched morphology with branches squashed in the transversal direction.  An 
interesting feature is the appearance of straight ridges along the former dendrite backbones 
(Figure 8.9f).  The ridges were 1.5 nm higher than the surrounding monolayer, suggesting 
the dominating PEO phase thickened as the molecules were compressed along the backbone 
region.  Therefore, the star polymer with the highest PEO content formed dendritic 
structures at the air-solid interface indicating the longer PEO arms were capable of 
crystallizing at the interface despite star architecture and confinement under PS aggreagtes. 
 
200nm 
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Suggested models.  Generally, the overall behavior of amphiphilic heteroarm star 
polymers with a large number of arms follows general trends observed for PEO-PS star 
copolymers discussed before except for some unexpected features as will be discussed 
below.18  From the collected data, we suggest different types of molecular organization for 
amphiphilic heteroarm star polymers studied here (Figure 8.1).  Cartoons of corresponding 
structural organizations are presented in Figure 8.11.  First, the molecular ordering of star 
polymers with low PEO content is controlled by the predominant PS arms, thus forming 
circular domains aggregated into continuous cylindrical morphology (Figure 8.5).  The 
shorter PEO chains limit contact between PEO arms of neighboring molecules thus allowing 
the PS chains to form continuous one-dimensional structures via lateral aggregation (Figure 
8.11a).  An interesting and unique net-like nanostructure was observed for the first time at 
elevated surface pressure.  A twofold increase in molecular weight of the PEO arms and the 
decreasing length of PS arms result in the collapsed cylindrical structure and the formation 
of densely packed circular micelles (Figure 8.7).  This type of molecular ordering is 
consistently observed for star polymers with moderate PEO content (Figure 8.11b).  The star 
polymer with the highest PEO content (88%) forms virtually uniform morphology with an 
underlying PEO layer covered with PS phase (Figure 8.11c).  Concurrent increase in a 
number of dissimilar arms attached to a single core (up to 38 for S38-86) prevents 
microphase separation and the formation of individual circular domains expected for this 
chemical composition.  Instead, upon compression the PEO chains covered segregated PS 
chains, forming a smooth hydrophilic carpet (Figure 8.8).  
 
However, reducing the crowding of PS and PEO chains (decreasing the number of 
arms from 38 to 20) for the S20-88 compound with the highest PEO content promotes in-
plane microphase separation with the formation of peculiar dendritic surface morphology.  
This type of surface morphology is an indication of monolayer growth via diffusion-limited 
aggregation with preferential directional addition of the components (Figure 8.11d).44  This 
growth combined with lateral compression eventually leads to the directional growth of PEO 
monolayer with PS phase vertically segregated in the form of circular domains and 2D 
dendritic features (Figure 8.9).  Such a unique morphology has never been observed for 
heteroarm star polymers, but known for PEO-containing linear block copolymers.  
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Formation of dendritic-like morphologies of the PEO-PS45,46 and PEO-PMPCS47 either from 
solution or upon isothermal crystallization have been reported.  By controlling the 
crystallization rate several different patterns ranging from developed dendritic-like to 
platelets can be formed at isothermal conditions.  Therefore, we suggest that PEO 
crystallization upon solvent evaporation plays significant role in the formation of inter-
connected circular domains, which aggregate into larger dendritic interconnected structures. 
 
Recent studies of self-assembly of diblock copolymers suggested that changing 
experimental condition such as a concentration of deposited polymer solution,17b,48 addition 
of a surfactant41,42 or method of deposition might provide new tool to control surface 
morphologies.  Therefore, by applying the same methods we may expect the discovery of 
the new unusual surface morphologies from the heteroarm star polymers. 
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a) Low PEO 
b) Moderate PEO 
c) High PEO 
d) The highest PEO 
 
Figure 8.11.  Schematics of molecular ordering in LB monolayers from PEOnPSn heteroarm 
star polymers with low (a), moderate (b), high (c) and the highest (d) PEO content. 
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In conclusion, the ability of PEOnPSn star copolymers with different numbers of 
arms and arm lengths to form ordered domain nanostructures at the air-water and air-solid 
interfaces was investigated.  Monolayers of the star polymers have been transferred onto 
silicon substrate and examined by AFM.  The formation of the peculiar stripe and net-like 
patterns has been observed for the star polymers with long PS and short PEO chains.  These 
structures have never been observed either in concentrated solutions or in the bulk and seem 
to be formed only in LB monolayers.  Star polymer with 30% PEO and similar PEO and PS 
chain length exhibited a highly ordered 2D assembly of fine circular domains.  For the PEO-
rich star polymers we observed a strong influence of the number of arms on the morphology 
of the monolayers.  The formation of the very smooth monolayers at a wide range of surface 
pressures has been examined for the star polymers with 78 and 86% PEO and 38 and 30 
arms, respectively.  The 20-arm star polymer with the highest PEO content formed peculiar 
dendritic superstructures (branched textures) upon compression.  These structures have 
never been observed for multiarm PEO-PS star block-copolymers.  We suggest that the 
microphase segregation at the air-water interface along with PEO crystallization, both are 
triggered by reduced constraints due to the lowered number of arms in the molecules.  These 
processes cause the formation of the spherical or non-spherical core-shell micellar structures 
followed by spontaneous formation of dendrite patterns. 
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9.1.  Introduction 
 
Recent results on highly branched polymers with different chemical compositions and 
architectures demonstrated that the presence of joints and branches, tree-like architecture, and 
low level of entanglements leads to significant modification of physical properties in 
comparison with linear counterparts.1,2  Polymers with a small but controllable number of 
branches are also of interest because such materials may offer a practical method to more 
efficient control of the physical properties by waiving chemical composition and architecture.  
Dendrimers, hyperbranched and dendritic macromolecules with their fractal structure and 
multitude of branches have attracted the most attention in this field.3,4,5,6  However, a large-
scale industrial application of regular dendrimers, such as for drug delivery and as catalytic 
systems, is limited by several factors, most importantly the cost in synthesis and purification.7 
 
Hyperbranched molecules possess the tree-like structure similar to that of dendrimers 
with the same known benefits in properties, accompanied by reduced cost and time of 
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Chemical Society 
♦
 S.P.: Primary researcher, carried out most of experiments, a writer of all drafts  
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synthesis compared to dendrimers.  Often, these molecules are created in one-pot synthesis 
without the lengthy stages of stepwise reaction and purification necessary with traditional 
dendrimers.  Although significant polydispersity and inherit defects of their chemical 
structure caused by internal cyclization and side reactions, hyperbranched polymers possess, 
to a great extent, similar characteristics of compact nanoparticle-like structures with a 
significant fraction of terminal groups located on the exterior of the molecules.10-14  However, 
in contrast to highly regular dendrimers, hyperbranched polymers do not show sharp 
transitions and exhibit a macroscopic spreading behavior.15  Despite their irregular chemical 
structures, introducing multiple weak intermolecular interactions such as hydrogen bonding 
can facilitate their assembly into well-ordered one-dimensional microscopic or even 
macroscopic fibrils.8  Amphiphilic branched copolymers with hydrophilic and hydrophobic 
segments have been the subject of numerous studies.9,10  Particularly, branched 
macromolecules containing hydrophilic PEO segments and hydrophobic segments, such as 
PS, have attracted much attention, because PEO segments are not only hydrophilic, but also 
nonionic and crystalline.  The amphiphilic nature of these copolymers containing dissimilar 
segments gives rise to special properties in selective solvents, at surfaces, as well as in the 
bulk, owing to microphase separation.11   
 
Novel macromolecular architectures such as highly-branched and star-shaped block 
copolymers have been found to exhibit peculiar aggregation behavior 12,13,14,15 which can be 
used for interesting developments such as a guided formation of fluorescent nano- and 
microfibers as well as metal nanoparticles.16,17  Due to multifunctionality of the multiple 
terminal groups complex intra- and intermolecular interactions should be considered for 
understanding their assembly in solution, surfaces, and interfaces.18,19,20,21,22,23,24,25  Unique 
morphologies were found in branched and star block copolymers that are not observed for 
linear block copolymers.26,27,28,29  At the air-water interface, the behavior of star-shaped 
copolymer is qualitatively identical to linear systems; the hydrophobic chain collapses into 
globules while hydrophilic chain spreads out to form pancake structure.30,31,32,33  However, at 
high surface pressure, recent studies have shown that the crowding of hydrophobic PS chains 
at a single junction point in asymmetric heteroarm PEO-b-PSm star polymers resulted in 
increasing circular micellar stability.34,35 
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It has been suggested that hyperbranched polymers can be applied as functionalized 
cores for the assembly of star molecules.  Kim and Webster36 described the use of modified 
hyperbranched poly(phenylenes) as macroinitiators for the synthesis of star polymers by 
anionic polymerization, although, with limited success due to a low conversion of the end 
groups into initiating sites and low stability of the macroinitiator.  Recently, other 
polymerization techniques have been presented based on the idea of modifying branched 
molecules by the ‘grafting from’ method.  Promising results were obtained by free radical 
polymerization based on hyperbranched polymeric azo initiators37 and living radical 
polymerization.38  In addition, Gauthier et al.39 described the successful preparation of 
amphiphilic arborescent graft copolymers with a poly(ethylene oxide) shell via the “grafting 
from” method.  Voit et al 40 presented a new multifunctional hyperbranched macroinitiator 
prepared by a one-step modification of terminal reactive groups into initiating moieties.  The 
hyperbranched macroinitiator was suitable for the polymerization of 2-oxazoline monomers 
by a cationic ring opening mechanism which provides an excellent methodology for the 
synthesis of graft- or block copolymers.41 
 
Hyperbranched polymers require a relatively narrow polydispersity (< 1.3) in order to 
prepare well-defined multiarm star polymers.  Frey et al. reported a strategy for controlled 
preparation of the hyperbranched polyglycerol (PG) with narrow polydispersity via ring-
opening multibranching polymerization.42  In another work, the same group demonstrated that 
the solubility and flexibility of these polyether polyols can be tailored by the attachment of 
oligo(propylene oxide) segments43, leaving the functionality unchanged.  Based on these 
initiator-cores, poly(ethylene oxide) stars with up to 55 PEO chains and low polydispersity 
(Mw/Mn<1.5)44 and poly(methyl acrylate)45 multi-arm star polymers have been prepared.  
 
Self-condensing vinyl polymerization (SVCP) introduced by Frechet38 has been 
applied in the synthesis of a variety of the functionalized hyperbranched polymers.46  
Initiator-monomers (‘inimers”) have general structure AB*, where A stands for double bond 
and B* for an initiating groups.  Another approach involved the SCVP of a macromonomer 
that has both an initiator at one terminal and a polymerizable group at the other, via atom 
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transfer radical polymerization (ATRP)47,48 and SmI2-induced transformation.49  
Unfortunately, for most of the hyperbranched polymers prepared via SCVP, their dendritic 
parts consist of only one kind of polymer segment.  Therefore, this approach has been 
extended to the controllable copolymerization of a vinyl monomer M with “inimers” 
AB*,50,51  which led to the random branched copolymers.  RAFT polymerization has been 
shown to be excellent tool for producing hyperbranched polymers in one-pot with narrow 
polydispersity.52  It is also allowed the introduction of a variety of end group functionalities 
on the final polymers, which could lead to new type of polymers.53  
 
Considering that, to the best of our knowledge, no attempts have been made to 
synthesis amphiphilic hyperbranched copolymers from classical hydrophilic and hydrophobic 
segments of PEO and PS, we focus on the synthesis of the novel amphiphilic hyperbranched 
(PEO-PS)n copolymers with controlled chemical composition.  The methods described above 
cannot be applied to the PEO-PS system, so we developed a new strategy for the synthesis of 
the (PEO-PS)n hyperbranched polymers.  These hyperbranched copolymers possess the same 
length of the PEO blocks and different lengths of the PS chains.  In this study, we focus on 
the investigation of amphiphilic hyperbranched (PEO-PS)n copolymers synthesized under 
different conditions by controlled radical polymerization.  We report on the interfacial 
behavior of amphiphilic hyperbranched copolymers at the air-water interface, surface 
morphology, and film microstructure on a solid substrate. 
 
9.2 Experimental procedures 
 
Chemicals.  Tetrahydrofuran (THF) was purified by drying over sodium-
benzophenone before distillation.  Styrene (St) was stored over calcium hydride and then 
vacuum distilled before use.  Methylene chloride, triethylamine (TEA) and N,N,N′,N′′,N′′-
pentamethyldiethylenetriamine (PMDETA) were distilled over CaH2.  Copper (I) bromide 
(CuBr) was purified according to a reported procedure.54  S-1-dodecyl-S’-(α,α’-dimethyl-α’’-
acetic acid)trithiocarbonate was synthesized according literature.55  2,2’-Bipyridine (Bipy, 
Acros), 1-(benzyloxymethyl)tri(ethylene glycol) (Aldrich), 2-bromopropionyl bromide (Alfa 
Aesar), 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO, Aldrich), tert-
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butyldimethylchlorosilane (TBS-Cl, 1 M solution in THF, Aldrich), tetrabutylammonium 
fluoride (TBAF, 1M solution in THF, Aldrich) and 4-dimethylaminopyridine (DMAP, Acros) 
were used as received.   
 
Synthesis of PEO-PS macroinitiator M1.  Synthesis of 2.  Dry triethylamine (3.2 mL, 
1.2 eq.) and a catalytic amount of dimethylaminopyridine (0.1 g, 0.04 eq.) were added to a 
solution of 1-(benzyloxymethyl)tri(ethylene glycol) (1) (5.4 g, 20 mmol) in 50 mL of dry 
THF.  TBS-Cl (22.0 mL, 1.1 eq.) was added and the mixture was stirred for 24 h at room 
temperature.  After filtration, mixture was concentrated to yield a transparent orange liquid.  
The crude product was purified by column chromatography on silica gel with 
dichloromethane/acetone (9:1) to yield 2 as a transparent colorless liquid (4.8 g, 76.0% yield).  
1H NMR (CDCl3, δ): 0.06 (s, 6H, -Si-CH3), 0.89 (s, 9H, -Si-C(CH3)3), 2.71 (s, 1H, -CH-OH), 
3.41-3.54 (m, 10H, -CH2O-), 3.72-3.69 (t, 2H, -CH-CH2O-CH2-C6H5), 4.01 (m, 1H, -CH-
OH), 4.52 (s, 2H, -O-CH2-C6H5), 7.32 (m, 5H, -C6H5). 
 
Synthesis of 3.  3.84 g (10 mmol, 1 eq.) of 2 was dissolved under an argon atmosphere 
in a solution of 1.5 mL of TEA in 75 mL of anhydrous THF.  After this, 1.2 mL (1.1 eq.) of 
2-bromopropionyl bromide was added dropwise at 0oC (ice bath) over 15 min with vigorous 
stirring.  The mixture was than stirred overnight at room temperature.  The triethylamine 
hydrobromide was precipitated, and after filtration, the solution was concentrated by 
evaporation.  The crude product was purified by column chromatography on silica gel with 
dichloromethane/acetone (9:1) to yield 3 as a transparent colorless liquid (4.4 g, 84.6% yield).  
1H NMR (CDCl3, δ): 0.06 (s, 6H, -Si-CH3), 0.9 (s, 9H, -Si-C(CH3)3), 1.72 (d, 3H, -CH(Br)-
CH3), 3.35-3.9 (m, 12H, -CH2O-), 4.4 (m, 1H, -CH(Br)-CH3), 4.51 (s, 2H, -O-CH2-C6H5), 
5.22 (m, 1H, -CH-OCO-CH(Br)-CH3), 7.32 (m, 5H, -C6H5). 
 
Synthesis of 4.  ATRP of styrene using compound 3 as initiator was done according to 
the standard procedure: into 10 mL round bottom flask, 0.52 g of 3 (1.0 mmol) and 28.4 mg 
of CuBr (0.2 mmol) were added in oxygen-free atmosphere.  The flask was sealed with 
rubber septum and secured with copper wire.  The sealed flask was frozen with liquid 
nitrogen, degassed by one freeze-pumped-thawed cycle and backfilled with argon gas.  Then, 
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2.06 g of styrene monomer (0.02 mol) was added via syringe.  Finally, 34.3 mg of PMDETA 
(0.2 mmol,) was added into the solution mixture under stirring.  Again, the contents of the 
flask was frozen and degassed with two more freeze-pump-thaw cycle before backfilling the 
flask with argon gas.  The flask was then placed in a thermostatic bath at 90 ºC under stirring 
for overnight.  The next day, the contents had solidified.  Once cooled, it was dissolved in 
dichloromethane and ran through alumina column to separate the polymer from copper 
bromide catalysts.  Next, the polymer solution was concentrated and precipitated in methanol 
(yield ca. 85%).  Mn(GPC)=2 050 Da, PDI=1.16.  1H NMR (CDCl3, δ): 0.05 (s, 6H, -Si-CH3), 
0.88 (s, 9H, -Si-C(CH3)3), 1.2-2.5 (m, -CH-CH2- of PS and -CH3), 3.35-3.9 (m, 12H, -CH2O-
), 4.4-4.55 (m, -CH(Br) and -O-CH2-C6H5), 5.14 (m, 1H, -CH-OCO-CH-CH3), 6.3-7.4 (m, 
5H , -C6H5). 
 
Synthesis of 5.  The bromine functional group was substituted for TEMPO as follows: 
into 5 mL round bottom flask, 0.86 g of 4 (0.42 mmol), 0.1 g of TEMPO radical (0.63 mmol) 
and 60.3 mg of CuBr (0.42 mmol) were added in oxygen-free atmosphere.  The flask was 
sealed with rubber septum and secured with copper wire.  The contents were frozen, degassed 
and undergone freeze-pump-thaw cycle once before backfilled with argon gas.  1 mL of 
distilled-degassed toluene was added, followed by addition of 72.8 mg of PMDETA (0.42 
mmol) under stirring; both compounds were via syringe under argon purge.  The solution 
mixture was frozen and degassed with two more freeze-pump-thaw cycles before being 
placed in thermostated at 90 ºC oil bath for overnight to give polymer 6.  The next day, the 
solution mixture was diluted in dichloromethane and ran through alumina column using 
mixture of dichloromethane and hexane (1:9) as a solvent.  Unreacted TEMPO radicals were 
removed first during the separation in the form of orange solution.  Most of the polymer was 
washed out by dichloromethane, but a mixture of methanol and dichloromethane (2:8) solvent 
was used to completely remove compound 6 from the column (yield ca. 75%).  Mn(GPC)=2 
175 Da, PDI=1.15.  1H NMR (CDCl3, δ): 0.05 (s, 6H, -Si-CH3), 0.88 (s, 9H, -Si-C(CH3)3), 
1.2-2.5 (m, -CH-CH2- of PS,-CH3 and –CH2 of TEMPO), 3.35-3.9 (m, 12H, -CH2O-), 4.4 (s, -
O-CH2-C6H5), 5.14 (m, 1H, -CH-OCO-CH-CH3), 6.3-7.4 (m, 5H , -C6H5). 
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Synthesis of 6.  Tert-butyldimethylsilane (TBDMS) protecting group of compound 5, 
(545 mg, 0.25 mmol) was removed by treatment with 1 mL of 1M tetrabutylammonium 
fluoride solution in THF diluted with another 5 mL of THF to give 5 after precipitation in 
methanol (yield ca. 75%).56  Mn(GPC)=2 010 Da, PDI=1.16.  1H NMR (CDCl3, δ): 1.2-2.5 
(m, -CH-CH2- of PS,-CH3 and –CH2 of TEMPO), 3.35-3.9 (m, 12H, -CH2O-), 4.4 (s, -O-
CH2-C6H5), 5.14 (m, 1H, -CH-OCO-CH-CH3), 6.3-7.4 (m, 5H , -C6H5). 
 
Synthesis of 7.  4-vinylbenzoic acid (74 mg, 0.5 mmol), DMAP (15.8 mg, 0.13 mmol), 
compound 6 (275 mg, 0.128 mmol), were added into 15 mL round bottom flask and dissolved 
in 8 mL of dry THF.  The solution was cooled under stirring to 0 ºC.  After about 20 minutes, 
the solution of DCC (103 mg, 0.5 mmol) dissolved in 2 mL of dry THF was added into the 
flask.  The solution mixture was allowed to warm up to room temperature overnight.  After 
filtration the solution was concentrated and precipitated twice in methanol (yield ca. 75%).  
Mn(GPC)=2 150 Da, PDI=1.15.  1H NMR (CDCl3, δ): 0.05 (s, 6H, -Si-CH3), 0.88 (s, 9H, -Si-
C(CH3)3), 1.2-2.5 (m, -CH-CH2- of PS,-CH3 and –CH2 of TEMPO), 3.35-3.9 (m, 12H, -
CH2O-), 4.4 (s, -O-CH2-C6H5), 5.14 (m, 1H, -CH-OCO-CH-CH3), 5.64 and 6.02 (m, 2H, -
CH=CH2), 6.3-7.4 (m, 5H , -C6H5), 7.45 and 8.00 (d, 4H , -C6H4). 
 
Synthesis of PEO-PS macroinitiator M2. 
Synthesis of 8.  S-1-dodecyl-S’-(α,α’-dimethyl-α’’-acetic acid)trithiocarbonate (4.38 g, 
12mmol), DMAP (61 mg, 0.5 mmol), 1-(benzyloxymethyl)tri(ethylene glycol) (2.7 g, 10 
mmol), were added into 50 mL round bottom flask and dissolved in 65 mL of dry THF.  The 
solution was cooled under stirring at 0 ºC.  After about 20 minutes, solution of 2.47 g (12 
mmol) of DCC in 10 mL of dry THF was added into the flask.  The solution mixture was 
allowed to stir overnight to room temperature.  White precipitate of urea was removed by 
filtration.  After concentration, the crude product was purified by column chromatography on 
silica gel with ethyl acetate/hexane (3:7) to yield 8 as a transparent yellow viscous liquid 
(4.44 g, 72% yield).  1H NMR (CDCl3, δ): 0.85 (t, 3H, -CH2-CH3), 1.23 (m, 18H, -CH2-), 
1.65 (m, 2H, -S-CH2-), (1.71 (s, 6H, -C(CH3)2), 2.63 (s, 1H, -CH-OH), 3.25 (t, 2H, -CH2-
OCO-C(CH3)2-), 3.21-3.64 (m, 12H, -CH2O-), 4.00 (m, 1H, -CH-OH), 4.55 (s, 2H, -O-CH2-
C6H5), 7.30 (m, 5H, -C6H5). 
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Synthesis of 9.  RAFT polymerization of styrene using compound 8 as initiator was 
done according to the standard procedure: into 10 mL round bottom flask 2.5 g (4.05 mmol) 
of 8, 2 ml hexane and 5 ml of styrene were added in oxygen-free atmosphere.  The sealed 
flask was frozen with liquid nitrogen, degassed by one freeze-pumped-thawed cycle and 
backfilled with argon gas.  The flask was then placed in a thermostatic bath at 125 ºC under 
stirring for overnight.  Once cooled, it was dissolved in THF and purified by column 
chromatography on silica gel with ethyl acetate/hexane (2:8) to yield 9 as a transparent yellow 
viscous liquid (3.3 g, 48% conversion).  Mn(GPC)=1 010 Da, PDI=1.04.  1H NMR (CDCl3, 
δ): 0.85 (t, 3H, -CH2-CH3), 1.23 (m, 18H, -CH2-), 1.35-2.75 (m, -CH-CH2- of PS, and -S-
CH2-), (1.71 (s, 6H, -C(CH3)2), 2.63 (s, 1H, -CH-OH), 3.25 (t, 2H, -CH2-OCO-C(CH3)2-), 
3.23-3.65 (m, 12H, -CH2O-), 4.02 (m, 1H, -CH-OH), 4.55 (s, 2H, -O-CH2-C6H5), 6.35-7.45 
(m, 5H, -C6H5). 
 
Synthesis of 10.  Macroinimer M2 was synthesized from compound 8 similar to 
procedure described above for compound 7.  Total yield was 80%.  Mn(GPC)=2 150 Da, 
PDI=1.04.  1H NMR (CDCl3, δ): 0.85 (t, 3H, -CH2-CH3), 1.23 (m, 18H, -CH2-), 1.35-2.75 (m, 
-CH-CH2- of PS, and -S-CH2-), (1.71 (s, 6H, -C(CH3)2), 3.25 (t, 2H, -CH2-OCO-C(CH3)2-), 
3.23-3.65 (m, 12H, -CH2O-), 4.92 (m, 1H, -CH-OCO-C6H4), 4.55 (s, 2H, -O-CH2-C6H5), 5.44 
and 5.75 (m, 2H, -CH=CH2), 6.3-7.4 (m, 5H , -C6H5), 7.49 and 8.02 (d, 4H , -C6H4).   
 
Synthesis of hyperbranched polymers.  Self-condensing polymerization of the 
macromonomers was performed in bulk or in solution (60 wt% in DMF) at 125oC according 
to a general route sketched in Scheme 3.  Samples were taken at specific time using degassed 
syringe, dissolved in THF and the solution kept in the freezer (-20oC) prior GPC analysis.  
Hyperbranched copolymers were heated with hexane (10 ml per 100mg of the polymer), then 
cooled down to room temperature.  Slightly yellow solution containing unreacted 
macromonomer along with low molecular weight fraction was removed.  This procedure has 
been repeated additional two times.   
 
 216 
Characterization.  Monolayers were prepared from dilute chloroform solutions by the 
Langmuir technique on a KSV minitrough.12  The substrates for LB layers were polished 
silicon wafers (Semiconductor Processing Co.) of the {100} orientation.  Wafers were 
cleaned according to an established procedure.  13NMR spectra were obtained using a Varian 
VXR-300 system.  The molecular weights and polydispersity of the star polymers were 
evaluated by gel permeation chromatography (GPC) in THF using Waters-GPC system 
equipped with a miniDawn (Wyatt Technology) light scattering detector.  The X-ray 
measurements of bulk polymers were performed on a Rigaku Miniflex X-ray diffractometer.  
Scans were collected in the 2θ range from 1o to 40o, with a step of 0.02o, and a scan rate of 
0.1o per minute.  Monochromatic Cu Kα, radiation with a wavelength of 0.154 nm was used 
for all measurements.  Surface morphology and microstructure of polymer layers were 
studied with a Dimension-3000 atomic force microscope in the tapping mode according to the 
usual procedure adapted in our lab.57  Differential scanning calorimetry (DSC) was performed 
on an MDSC Q100 instrument with a heating rate of 20oC/min in the range of -60oC-125oC.  
Approximately 2-5 mg of polymers was used for these measurements.  The chemical 
structures of all molecules were illustarted with ChemDraw 8.0 software package.  The 
molecular models of all molecules were built with the Materials Studio 3.0 software package 
by using the combination of molecular dynamics and energy minimization routines. 
 
9.3 Result and Discussion 
 
Synthesized materials.  1-(Benzyloxymethyl)tri(ethylene glycol) 1 was chosen as a 
short PEO hydrophilic fragment due to affordable selective substitution of the primary 
hydroxyl group and convenient use of benzyl protons as a reference standard for calculating 
the molecular weight of polymers.  In continuation of our previous work34,35 on studying the 
effect of polymer structure on their surface properties, we synthesized two macroinimer with 
similar chemical compositions.  According to 1H NMR data, the RAFT and NMP initiating 
groups in hyperbranched copolymers presented here survived and can further initiate 
polymerization of a variety of monomers that can result in new highly branched functional 
star polymers.   
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The NMP synthetic route for the macroinimer is presented in Scheme 9.1.  First, 
selective functionalization of the primary alcohol was conducted according to the well 
established procedure by using DMAP as a catalyst (Figure 9.1, bottom).58  Then, a secondary 
alcohol group was modified by 2-bromopropionyl bromide to make polymer 3 suitable for the 
ATRP of the styrene (Figure 9.1, top).  Polymerization of styrene was achieved in the 
presence of the 20% copper, catalyst which is known to produce polymers with low 
polydispersity (<1.1) and small molecular weight (<3 000).59  It had been shown that ATRP 
of the macroinimers has to be done in solution and with the presence of the catalyst.  NMP in 
this case can be done either in bulk or solution without adding additional chemicals.  The next 
step in synthesis of the macroinimer was the substitution of the bromine group in polymer 4 
by TEMPO according to the literature procedure.60,61  After removing the TBS protecting 
group, the hydroxyl group of polymer 6 was modified by 4-vinylbenzoic acid, which then 
finally resulted in polymer 7 (Scheme 9.1).  For simplicity, we designate the final polymer 7 
as macroinimer M1. 
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Scheme 10.1.  Synthesis of the macroinimer M1. 
 
The 1H NMR spectra and GPC of the intermediate TEG-PS polymers collected during 
end functionality transformations were used here for the illustration of controlled chemical 
step-by-step synthesis procedure implemented in this study (Figure 9.1, 9.2).  All 
characteristic peaks expected for the chemical groups of PEO and PS are clearly marked on 
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this plot according to the literature value.62  The appearance of the appropriate peaks for 
various functional groups at different stages of the synthetic procedure is indicated at these 
plots (Figure 9.1, 9.2).  The relative content of PEO and PS chains was calculated by 
integrating the aromatic signals for the PS backbone and a singlet signal at 4.4-4.5 ppm which 
is related to the methylene protons of the benzyl-protecting group.  The calculated parameters 
for the chemical composition of the macroinimer M1 from NMR data are presented in Table 
1.  From the NMR data we concluded that the number of styrene units was 12 for the 
TEMPO-terminated macroinimer (Table 9.1, Figure 9.2).  
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Figure 9.1.  1H-NMR of compounds 2 and 3.  
 
Table 9.1.  Molecular characteristics of the macroinimers.  
GPC NMR 
Name Sample  
Mn PDI N (EO) N (St) Mn φa φtotal
M1 TEG-PS-TEMPO 2,175 1.15 3 12 1,923 0.11 0.08
M2 TEG-PS-RAFT 1,150 1.05 3 5 1,284 0.22 0.12
φ
a
=Mn(TEG)/Mn(PS) and φtotal=Mn(TEG)/Mn(NMR) are volume fractions of the TEG fragments in 
macroinimers with and without alkyl tails..  Mn(TEG)=150, Mn(PS)=N(St)*104 and Mn(NMR) is total molecular 
weight from NMR data. 
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Figure 9.2.  1H-NMR of intermediates in the synthesis of the macroinimer M1.  
 
After synthesis of macroinimer M1, the next logical step was to check the effect of the 
polymerization conditions on the molecular characteristics of the hyperbranched copolymers.  
Hyperbranched copolymers were prepared by SCVP of the macroinimers in bulk or in 
solution and resulted in hyperbranched polymers with different molecular characteristics 
(Table 9.2).  The progress in synthesis of the hyperbranched copolymers by NMP in bulk and 
solution and the quality of the final molecular weight distribution were monitored by GPC 
(Figure 9.3, Tables 9.2).  GPC traces of kinetic samples taken from NMP polymerization of 
M1 are illustrated in Figure 9.3.  As expected, the polymer obtained by polymerization in 
bulk possessed a very wide molecular weight distribution (PDI>11).  The asymmetric shape 
of the GPC traces and overlapped peaks may be explained by the increasing difference in 
molecular weights of the hyperbranched copolymer fractions.  It can be related to different 
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grafting rates due to the decreasing mobility of macroinimers caused by increasing intrinsic 
viscosity of copolymers with polymerization time.63  Difficulty for the macroinimer to meet a 
reactive group in the polymacroinimer due to the steric constrains caused coupling between 
macromolecules (Figure 9.3a).  However, as it has been shown previously for the self-
condensing vinyl polymerizations of the AB* inimers, distinct peaks of the dimer, tetramer 
etc were observed at every stage of the polymerization.46  It is worth to notice, that no 
crosslinked polymer has been observed after 144h. 
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Figure 9.3.  GPC traces of the polymerization of M1 in bulk at 125oC (a) and hyperbranched 
polymer P2 before and after purification (b).  Peak values were calculated using PS 
calibration curve. 
 
Polymerization of the macroinimer M1 in solution dramatically decreased the degree 
of polymerization and lowered the PDI to 4-5 (Figure 9.3b, Table 9.2).  Additional 
purification of the hyperbranched copolymers by selective extraction using hexane further 
lowered the PDI (Figure 9.3b, Table 9.2), but still small amount of unreacted macroinimer 
a) 
b) 
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could not be removed.  GPC analysis revealed the degree of polymerization of ca. 3 units for 
the NMP in bulk and solution (Table 9.1).  Chemical composition of the hyperbranched 
polymers P1 and P2 was confirmed by NMR data (Figure 9.4).  The 1H NMR spectra of the 
purified polymers showed signals of both fragments, TEG and PS, and the complete 
disappearance of vinyl end groups.  Despite significant variation in molecular characteristics 
there is no considerable difference in NMR spectra of P1 and P2 hyperbranched polymers 
indicating very similar chemical composition (Table 9.2).   
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Figure 9.4.  1H-NMR of hyperbranched polymers P1 (a) and P2 (b). 
 
Table 9.2.  Chemical and physical characteristics of the hyperbranched copolymers. 
Before purification After purification 
GPC GPC LS Polymer Sample 
Mn  PDI Mn  PDI Mn  PDI 
Tg, oC 
P1 TEG-PS (bulk) 6,400 11.5 7,050 4.2 N/A * N/A 45 
P2 TEG-PS (DMF) 4,160 5.2 6,040 1.9 16,880 2.02 62 
P3 TEG-PS-RAFT 6,340 4.01 12,580 2.3 15,960 1.83 55 
 
In order to get hyperbranched copolymers with higher molecular weight, a new 
macroinimer with lower molecular weight was synthesized.  The synthetic route of the 
macroinimer for the RAFT polymerization is presented in Scheme 9.2.  First, selective 
functionalization of the primary alcohol was conducted according to the well established 
 222 
procedure by using DMAP as a catalyst.64  Polymerization of styrene was achieved at 125oC 
which leads to the polymers with low polydispersity (<1.1) and small molecular weight 
(<1500 Da).  Then the secondary alcohol group of the polymer 9 was modified by 4-
vinylbenzoic acid resulted final polymer 10 (Scheme 9.2, Figure 9.5).  For simplicity, we 
designate final polymer 10 as macroinimer M2.  From NMR data, we concluded that the 
number of styrene units was 5 for the RAFT CTA-terminated macroinimer M2 (Table 1, 
Figure 9.5).   
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Scheme 9.2.  Synthesis of the macroinimer M2. 
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Figure 9.5.  1H-NMR of the macroinimer M2. 
 
RAFT polymerization of the M2 in DMF solution led to the hyperbranched 
copolymers with relatively low polydispersity after purification with a symmetrical shape in 
GPC traces (Figure 9.6, Table 9.2).  The residual amount of the linear macroinimer presented 
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in the polymerization system even after 96 h may be explained by two factors: one factor is 
related to the RAFT mechanism itself,65 which causes slow consumption of the linear 
macroinimer.  The second factor may be related to the nature of the solvent.  In our case, 
DMF is known to undergo H-substraction and form radicals, which may interfere with the 
polymerization.66  Chemical composition of the P3 hyperbranched polymer was confirmed by 
1H NMR data (see peak assignment above) (Figure 9.7).   
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Scheme 9.3.  General route of the self-condensing vinyl polymerization. 
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Figure 9.6.  GPC traces of the P3 polymer before purification (solid) and after purification 
(dash).  Peak values were calculated using PS calibration curve. 
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Figure 9.7.  1H-NMR of hyperbranched polymers P3. 
 
As is known, the absolute value of the molecular weight cannot be directly 
determined from GPC because of the specific solution properties caused by non-linear 
architecture of the polymer chains.67  Thus, light scattering data have been used to get more 
reliable estimation of the molecular weight giving the much higher value between 16000 Da 
and 18000 Da and polydispersity similar to that measured by GPC (Table 9.2).  The 
difference between GPC and LS data usually observed for highly branched polymers is due to 
the different conformational states and interactions of star polymers as compared to linear 
chains for PS calibration standards.68  Light scattering data for P1 could be not treated 
unambiguously due to, probably, the presence of un-removable additive. 
 
Due to the overlapping peaks in 1H NMR, it is virtually impossible to calculate the 
degree of branching (DB) of the hyperbranched polymers.  According to Müller’s theoretical 
predictions, the DB of a polymacroinimer can reach 0.465 for limiting cases, when all double 
bonds are fully converted.63  Considering the uncertainty of this parameter, two limiting cases 
in the architecture of the copolymers should be considered: brush/comb-like structure and 
truly hyperbranched structure (Scheme 9.4).  Due to the limitation of the modeling software 
(ChemDraw 8), we presented chemical structure of P3 polymer containing only 6 monomeric 
units, but 11 for the corresponding 3D molecular models.  The chemical structures and 
molecular models visualizing space distribution of two different blocks in molecules with 
different chemical compositions presented in Scheme 9.5 show that in the former case, a 
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highly asymmetrical molecular structure is expected unlike the later case with a widely spread 
network of chemically connected fragments.   
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Scheme 9.4.  Chemical structure and corresponded molecular models of two possible 
expected architectures of the polymer P3. 
 
Characterization in bulk state.  X-ray data for the hyperbranched (PEO-PS)n copolymers 
clearly demonstrated amorphous structure of these copolymers at room temperature (Figure 
9.8).  Sharp peaks in a wide-angle region indicating the presence of the PEO crystalline phase 
were not detected for any of the polymers and monomers studied (occasional sharp peaks 
observed are due to unremovable organic species).  Apparently, the presence of short PEO 
blocks (only 3 EO units, Table 9.1) attached to the PS block in a combination with random 
branching inhibited PEO crystallization.  Accordingly, DSC curves showed only glass 
 226 
transition temperature in the low range of 45-62oC which is due to the smaller PS segments 
having a much lower Tg (Table 9.2). 
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Figure 9.8.  X-ray diffraction data of the macroinimers and corresponded hyperbranched 
polymers.  Sharp peaks are due to the presence of un-removable organic impurities in 
polymers. 
 
Surface morphology.  The reproducible and reversible π-A isotherms were obtained 
for all hyperbranched compounds and macroinimers synthesized here (Figure 9.9).  This 
surface behavior indicates the formation of a stable Langmuir monolayer with liquid and solid 
2D phase sequences typical for amphiphilic compounds.69  The isotherms for macroinimers 
showed increased surface pressure for surface areas per molecule below 0.9 nm2 which is 
expected for the given chemical composition with PS chains controlling the condensed state.  
The surface area per molecule, Ao, was calculated by the extrapolation of the steep rise in the 
surface pressure to a zero level in accordance with usual procedure (Table 9.3).41  The 
hyperbranched copolymers P1 and P2 showed a steady increase in the surface pressure up to 
40-50 mN/m upon compression of the monolayers below 3-4 nm2/molecules.  In sharp 
contrast, P3 with lower PS content showed an initial pressure increase for the surface areas 
around 11 nm2 which was placed with a constant pressure of 10 mN/m for surface areas 
below 7 nm2 (Figure 9.9). 
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Figure 9.9.  Pressure-area (π~A) isotherm of the TEG-PS macroinimers (top) and 
corresponded PEO-PS hyperbranched copolymers (bottom). 
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Table 9.3. Surface properties of the hyperbranched copolymers. 
Area per molecule, nm2 
Calculated Polymer Sample 
Experimental PEO PS 
Experimental 
thickness,a nm 
M1 TEG-PS 0.8 0.84 1.08 2.7 
P1 TEG-PS (bulk) 3.2 2.5 3.24 2.7 
P2 TEG-PS (DMF) 3.6 2.5 3.24 1.7 
M2 TEG-PS-RAFT 0.9 0.84 0.3 2.0 
1.1 c 
5.2 (10.3 b)  P3 TEG-PS-RAFT 11.8 8.4 3.0 
11.8 
a
 Obtained from ellipsometry. 
b
 Obtained from AFM cross-section in Figure 9.8. 
c
 The P3 monolayer thickness was obtained for 5, 10, and 25 mN/m (from top to bottom). 
 
Figures 10 shows selected AFM images of the LB monolayers deposited on a bare 
silicon substrate at a surface pressure of 5 mN/m (expanded condensed state) for P1 and P2 
hyperbranched copolymers.  AFM exposed domain microstructure of the LB monolayers of 
the macroinitiators with domain heights of several nanometers.  Uniform and continuous 
surface morphology was observed for monolayers from P1 and P2 at all surface pressures.  
AFM revealed very smooth surface with the microroughness in the range of 0.2-0.3 nm 
within a 1x1 µm2 area.  The thickness of these polymer monolayers was in the range of 1.7-
2.8 nm measured by ellipsometry (Table 9.3).  
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Figure 9.10.  AFM topography of amphiphilic polymers: M1 initiator (top, left) and its 
cross-sectional analysis), hyperbranched P1, P2 and P3 polymers.  Monolayers were 
deposited at surface pressure π=5 mN/m.  Scan areas are 5 x 5 µm2 for all images on the left, 
at the right: 2x2 µm2 for P1 and 1x1 µm2 for P2.  Height is 10 nm for all images on the left, 
3nm for all images on the right. 
 
LB monolayer fabricated from P3 copolymer showed smooth morphology at very 
low pressure which is transformed to the well-developed domain morphology above first 
transition at the Langmuir isotherm (Figure 9.11).  Further compression of the monolayer 
allowed merging of these domains and the formation of a smooth morphology again (Figure 
9.11).  However, the thickness of this layer doubled, indicating monolayer collapse and 
transition to a bilayer state at high surface pressure.  This was not observed for 
hyperbranched copolymers with larger PS content (Table 9.3).  Similar isotherms were 
obtained for the monodendrons with oligo(ethylene glycol) tails.70  It was shown that the 
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surface stability of dendritic monolayer mostly depends on subtle balance between the 
relative sizes of the hydrophobic and hydrophilic groups. 
 
 
Figure 9.11.  AFM topography of amphiphilic polymers P3 polymer.  Monolayers were 
deposited at different surface pressure.  Scan areas are 10 x 10 µm2 for all images on the left, 
at the right 2x2 µm2,but 1x1 µm2 for p=5 mN/m. Cross-section is for p=10 mN/m.  Height is 
20 nm for all images on the left, 3nm for all images on the right, but 20 nm for p=10 mN/m. 
 
Models of surface ordering.  As is known, the surface behavior of hyperbranched 
copolymers should depend strongly upon the amphiphilic balance of the hydrophobic and 
hydrophilic fragments and the freedom of their reorganizations to adapt the proper 
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orientation at the air-water interface which is constrained by the chemical architecture.  
Using two limiting molecular models described in Scheme 5, we analyzed the molecular 
arrangements at the air-water interface.  By minimizing the total energy of the 
macromolecules the molecular conformations of the polymers were optimized in order to 
maximize PEO fragments contact with water and distant positioning PS from the water 
(Figure 9.12). 
 
Using two models of chemical architecture, the thickness of the monolayers were 
calculated and compared with actual ellipsometry data for different polymers (Table 9.3).  
We also estimated the limiting surface areas per molecule as expected from known surface 
areas for PEO monomeric unit (0.28 nm2)71 and for PS monomeric unit (0.06 nm2)34 and 
predicted chemical composition (Table 3).  For two hyperbranched copolymers with 
predominant PS segments (P1 and P2), the estimated thicknesses were close to those 
observed experimentally suggesting that the PS hydrophobic fragments are oriented outward 
from the water surface and are not spread flatly.  Indeed, for these hyperbranched 
copolymers with longer PS blocks, the experimental surface area per molecule was close to 
the minimum area estimated from chemical composition assuming PS as a limiting block for 
the monolayer compression in the condensed state (Table 9.3).  Thus, for the hyperbranched 
copolymers with small content of the hydrophilic block and longer hydrophobic segments, 
PS or PEO chains are separated on different sides of the interface and serve as a “limiting” 
factor for the monolayer compression under different pressures similar to conventional star 
and linear block copolymers.34,72  Other important factors, such as high PDI, a low degree of 
polymerization and the presence of considerable amount (10-15%) of unreacted 
macroinimers, also played a role in the formation of smooth monolayers of the 
hyperbranched polymers at the interfaces.  We expect that lower molecular weight fraction 
formed aggregates with variety of sizes, which filled gaps between large scale aggregates 
formed by high molecular weight fraction, therefore lowering effective roughness of the 
resulting monolayers. 
 
However, the hyperbranched copolymer P3 with a comparable length of PS and PEO 
segments and considerably high degree of branching along with low PDI exhibited very 
different the surface behavior at the interfaces (Figure 9.12).  The limiting factor for 
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compression of the monolayer is the total surface area of both segments located at the water 
surface (Table 9.3).  Dissimilar segments are not clearly separated into/out of water/air but 
rather form a mixed uniform phase at the surface.  This behavior is in striking contrast with 
conventional linear and star PEO-PS block copolymers (Figure 9.12, center) and indicates 
that a random chemical architecture of relatively short hydrophilic and hydrophilic fragments 
is responsible for a “mixed” interfacial structure.  Thus, the presented hyperbranched model 
corresponds closely to the behavior observed for this copolymer (Figure 9.12 (right)).  
Correspondingly, the high compression results in the collapse of the mixed monolayer (rather 
than submerging PEO segments into the water subphase) and its transformation to the 
uniform bilayer. 
 
Separated
state
Mixed state
Linear
TEG        PS      C12H25(CTA)
Barriers
dd
 
Figure 9.12.  Two possible scenarios of state of the macromolecules at the air-water interface 
by comparison with linear block copolymer (center): left - separated hydrophobic and 
hydrophilic segments and right – mixed hydrophobic and hydrophilic segments confined to 
the water surface.  Terminal chains added to reflect the presence of terminal alkyl ends. 
 
Finally, we can conclude that the combination of the NMP and RAFT polymerizations 
provided a series of novel amphiphilic hyperbranched PEO-PS copolymers with chemical 
composition composed of mixed hydrophobic and hydrophilic segments but still possessing 
strong amphiphilic character.  Furthermore, selective modifications of terminal initiating 
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groups available in these hyperbranched copolymers can be further used to tune the chemical 
and physical properties without changes in hyperbranched cores as was demonstrated for star 
copolymers.73  In addition, functional terminal groups can be used to further initiate 
polymerization of a variety of monomers which will result in new highly branched functional 
star polymers. 
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Chapter 10 
 
General Conclusions 
 
The impact of this work is wide-ranging because it suggests new considerations 
regarding the design of future polymeric nanoscale materials for various, especially stimuli 
responsive applications.  This research expands a range of potential approaches to improve 
the control over interfacial behavior of polymeric films.  Specifically, stimuli-responsive 
organic materials designed and synthesized here can be implemented as nanoscale 
multifunctional coatings for  nanomechanical and biomedical sensing applications. 
 
Throughout the course of this work, several significant innovations and major 
contributions were made towards the development of nanoscale materials applied to 
inorganic surfaces, which can be divided into three categories: synthesis, interfacial studies 
of nanoscale/molecular properties and stimuli responsive behavior.  A number of 
functionalized branched molecules with different architecture and chemical composition 
have been synthesized and characterized.  These are: homo-armed and heteroarm star block 
copolymers PEOn-PSm with a number of arms up to 4 with different molecular weights, 4-
arm star copolymers PEO-PS with different combination of functionalized terminal groups, 
(PEO-PS)x amphiphilic hyperbranched polymers with different molecular weights and 
compositions, multi-armed PEOn-PSn star copolymers with up to 38 arms, and 
functionalized (amine, hydroxyl, and alkyl chains) hyperbranched polyesters.  All materials 
studied here contained a combination of highly hydrophilic and hydrophobic arms making 
them strong amphiphilic materials.  Their surface behavior and interfacial structures at air-
water and air-silicon oxide interfaces have been studied.  
 
Specific conclusions for different types of highly branched polymers studied here are 
presented below. 
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A combination of the anionic polymerization of ethylene oxide and ATRP of styrene 
was exploited to synthesize novel asymmetrical, amphiphilic PEOn-b-PSm star block 
copolymers of various architectures with terminal functional groups.  Both arms of these star 
copolymers unlike the known examples, are capable of further chemical reaction if placed at 
interfaces.  The synthetic pathway followed to prepare such copolymers enabled us to 
control firmly both the functionality and the amphiphilic balance.  The well-defined 
character of these branched architectures was verified upon the cleavage of the ester 
functions linking the PEO moiety to the PS arms.  The PS arms obtained as a result of 
hydrolysis and disassembling of star polymers had low polydispersity and their molecular 
weights were in a good agreement with the values calculated by NMR for the corresponding 
heteroarm star polymers.   
 
Asymmetric amphiphilic PEO-PSm star polymers with different numbers of 
hydrophobic arms and a similar hydrophilic block differ by architecture (four and three arm 
molecules, PEO-b-PS3 and PEO-b-PS2), the length of PS chains (molecular weight from 
about 10,000 up to 24,000), and the number of PS arms (three and two) have been 
synthesized.  These star copolymers have exhibited depressed melting temperature, reduced 
crystallinity of the PEO phase, lower glass transition temperature of the PS blocks, and 
micellar structure formation at surfaces.  This was all expected for the amphiphilic block 
copolymers with several arms attached to a single junction point.  The presence of bulky 
functional terminal groups on PEO blocks can be held responsible for further reduction of 
the degree of crystallinity of these molecules.  Detailed analysis of AFM data revealed that 
well-developed circular domain surface morphology was formed within monolayers at the 
solid surface.  At low surface pressure the asymmetric heteroarm star polymers formed 
circular nanoscale aggregates composed of PS arms, which is similar to those formed by 
linear diblock PEO-PS copolymers.  At higher surface pressures, the packing of circular 
domains became denser, but no clear transition to cylindrical structures was observed in 
condensed monolayers, which is different that formed by linear block copolymers of similar 
composition.  Increasing the number of PS arms stabilized the circular morphology of the 
monolayer at high surface pressures.  This trend can be associated with the crowding state of 
the PS chains which are tethered to a single joint point as well as with a thermodynamically 
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more stable curved shape of the interface in asymmetrical star-block copolymer as compared 
to a similar linear block copolymer.  This surface morphology remained stable even at very 
high monolayer compressions close to the monolayer collapse unlike linear diblock 
copolymers with their tendency to the structural reorganization under modest compressions. 
 
Furthermore, selective modifications of end groups of two different dissimilar arms 
in the heteroarm star polymers caused a variation of the chemical and physical properties.  
This is also an interesting aspect for the selective absorption and grafting of heteroarm star 
copolymers.  Alternation of the functional terminal groups of polymer chains was found to 
be effective in creating stable and fine circular domain morphology.  The study concluded 
that hydrophilic functional groups attached to hydrophobic chains and hydrophobic 
functional groups attached to hydrophilic chains resulted in the stabilization of the spherical 
domain morphology, rather than cylindrical morphology predicted for the given chemical 
composition of star copolymers.  Adding hydrophilic amine terminal groups to the PS chains 
changes the aggregation behavior and prevents the lateral aggregation of PS domains.  This, 
along with the reduction of the PEO content at the water interface promotes the formation of 
fine circular domain morphology due to PEO desorption.  This phenomenon is more 
pronounced in star copolymers with highly polar carboxylic terminal groups of PEO chains.  
Thus, for (COOH-PEO)2-(PS-NH2)2 star polymer the ionization of carboxylic terminal 
groups at higher pH led to greater solubility of PEO chains in the water subphase, which 
along with deionization of amine terminal group prevented the lateral aggregation of PS 
domains further promoting the formation of nanoscale circular morphology.  
 
On the other hand, attaching of large functional terminal blocks to a polymer chain 
also provides us multifunctional response of resulting block copolymers on changes in 
environment.  Thus, interesting reversible thermo-responsive surface behavior of the 
ABCBA pentablock copolymer was observed upon varying environmental conditions such 
as pH and temperature.  In fact, the thermo-responsive behavior can be triggered by varying 
pH of the subphase, similar to that observed and studied for micellar solutions.  Moreover, 
we have shown that for this pentablock copolymer, the changes induced by temperature-
triggered intramolecular transformations are fully controlled by pH environment and can be 
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enhanced or suppressed on-demand.  We also demonstrated fully reversible, multiple, and 
robust variation of the surface pressure accompanies the temperature-induced phase 
transformation around LCST.   
 
Conforming the significant role of increasing number of arms, we observed that 
multiarm star block copolymers with a number arms reaching 38 and the total molecular 
weight as high as 400,000 showed amphiphilic behavior at the air-water interface with the 
surface molecular area in condensed state significantly higher for molecules with large 
content of PS chains.  A variety of surface morphologies was observed for these multiarm 
star block copolymers at the hydrophilic substrates.  Round and cylindrical surface micelles 
dominated hyperbranched materials with a large volume of PS chains and unusual dendritic 
surface structures observed for star block copolymers with predominant content of PEO 
arms. 
 
In related development, we demonstrated that novel hyperbranched (PEO-PS) 
copolymers with chemical composition composed of mixed hydrophobic and hydrophilic 
segments are not submerged into the water subphase even at high compression.  At the air-
water interface, these hyperbranched molecules showed well-defined amphiphilic character 
despite the quasi-random nature of their architecture, short hydrophilic-hydrophobic 
branches, and high polydispersity.  Dissimilar segments are not clearly separated into/out of 
water/air but rather form a mixed uniform interphase at the surface.   
 
As a summary, major advances achieved by this research can be presented as follow: 
 
Synthesis and bulk properties.  Almost 60 new functionalized branched molecules 
with different chemical compositions and architectures have been synthesized.  Several 
novel chemical procedures were developed during this work. 
 
• Novel synthetic pathways combining diverse polymerization techniques were 
developed and used to control both the functionality and the amphiphilic balance of the 
macromolecules of various architectures with high accuracy.   
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• For the first time, we demonstrated a relatively simple way to prepare star polymers 
with different end group functionalities (bromine, amine, TBDPS, hydroxyl, and 
carboxylic terminal groups). 
 
• For the first time, we synthesized new hyperbranched polymers containing 
amphiphilic block copolymers as a monomer.  NMP and  RAFT polymerizations have 
been used to polymerize a macromonomer. 
 
Interfacial studies.  Many branched amphiphilic polymers studied here have shown 
unusual types of surface behavior:  
 
• For the first time, we demonstrated that at the surface pressures in the vicinity of the 
monolayer collapse increasing the number of PS arms in the heteroarm PEO-PS star 
polymers caused stabilization of the circular morphology of the monolayer.  We 
proposed that this phenomenon can be associated with crowding state of the PS chains 
tethered to a single joint point as well as with a thermodynamically more stable curved 
shape of the interface in asymmetrical star-block copolymer as compared to a similar 
linear block copolymer.  
 
• Furthermore, we presented novel methods of the stabilization of the circular 
morphology of the monolayer by selective functionalization of the terminal groups.  
Such modification, especially exploiting of ionic groups like amino –NH2 or carboxylic 
acid –COOH, append strong interactions between ends of polymeric chains and water 
subphase.  
 
• Moreover, we also demonstrated the ability of PEOn-PSn star copolymers with 
different numbers of arms and arm lengths to form novel ordered domain nanostructures 
at the interfaces.  The increasing of PEO contents leads to the transition in surface 
morphology from the peculiar stripe and net-like patterns, through a highly ordered 2D 
assembly of fine circular domains to peculiar dendritic superstructures (branched 
textures) upon compression observed for multiarm PEO-PS block copolymers before.  
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We suggest that the microphase segregation at the air-water interface along with PEO 
crystallization caused the formation of the core-shell micellar structures followed by 
spontaneous formation of dendritic patterns. 
 
• The random mixed character of short hydrophilic and hydrophobic fragments caused 
their peculiar surface behavior.  Dissimilar segments of the hyperbranched PEO-PS 
copolymers are not clearly separated into/out of water/air but rather form a mixed 
uniform phase at the surface even at high compression, which is a novel interfacial 
behavior for PEO-PS block copolymers.   
 
Stimuliresponsive materials.  We demonstrated reversible thermo-responsive surface 
behavior of the pentablock copolymer upon changes pH and temperature of the air-water 
interface.  We found remarkable conformational changes of the monolayer which result in 
the dramatic reorganization of both vertical and lateral segregation of pentablock 
copolymers confined into a single molecular layer.  The reversibility of the copolymer 
behavior at the interface with respect to temperature is expected to be crucial for drug 
delivery applications.   
 
We have just began to understand the importance of the symbiosis of the chemical 
composition and architecture on creating novel complex polymeric materials for 
multifunctional applications.  The studies described in this work provide a powerful method 
to analyze the response of polymers to various environmental conditions and provide a fast 
method for complimentary investigation of the bulk and solution behavior of responsive 
polymers.  We convey that attaching of a number of different arms with different end groups 
to a single center provides a powerful tool of designing new materials with ”built-in” 
multifunctionalities.  We suggest that further modification of branched copolymers with 
functional blocks will grant responsive materials for sensing and biomedical applications. 
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